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Zusammenfassung 
Aortenkrankheiten (AD), welche Aneurysmen und Dissektionen der Aorta umfassen, sind 
aufgrund ihres erhöhten Risikos für Aortenrupturen mit hoher Morbidität und Mortalität assoziiert. 
AD können infolge von verschiedenen Risikofaktoren spontan oder in Zusammenhang mit einer 
genetisch bedingten (Bindegewebs-)Krankheit auftreten. Eine Vielzahl solch hereditärer Formen 
von AD wurde bereits beschrieben. Diese können, müssen aber nicht, mit zusätzlich betroffenen 
Organsystemen einhergehen und ein überlappendes klinisches Erscheinungsbild aufweisen. Die 
bislang gängigen genetischen Abklärungen mittels Sanger-Sequenzierung und der «multiplex 
ligation-dependent probe amplification» (MLPA) Methode sind durch die hohe Anzahl und 
Grösse der mit AD assoziierten Gene sowie durch das biologische bzw. wissenschaftliche 
Problem erschwert, dass bisher nicht alle mit AD assoziierten Gene bekannt sind. Deshalb war 
das Ziel dieser Doktorarbeit, mittels neuer Hochdurchsatz-Verfahren zum besseren Verständnis 
der molekularen Grundlagen von Aortenkrankheiten beizutragen. 
Eine Kohorte von 65 AD-Patienten, bei welchen die bisherige genetische Abklärung 
keine Mutation aufgezeigt hat, wurde mit Microarrays (aCGH) untersucht, deren Proben für 
exonische Regionen angereichert sind, um auch Deletionen von einzelnen Exons erkennen zu 
können. Dabei wurden keine exonische Deletionen in bereits mit AD assoziierten Genen 
nachgewiesen, dafür aber bei 11 Patienten (11/65) in möglichen Kandidatengenen. Diese Gene, 
deren Rolle bei AD durch weitere Untersuchungen geklärt werden muss, sind direkt bei der 
Zusammensetzung der extrazellulären Matrix (z.B. PCDHGB4 und VWA3A) oder im TGF -
Signalweg (z.B. FGFR2 und B3GLCT), der bei AD verändert ist, involviert. Da die 
Charakterisierung grosser Deletionen mit Long-Range PCR und Sanger-Sequenzierung 
arbeitsintensiv und zeitaufwendig ist, wurde die Hochdurchsatz-Sequenzierung (NGS) für die 
Bestimmung der Bruchpunkte angewendet. Es konnte gezeigt werden, dass hierzu sowohl 
Sequenziergeräte der zweiten, wie auch der dritten Generation eine effektive und effiziente 
Alternative darstellen. 
Da aber die meisten AD-Fälle durch «single nucleotide variants» (SNVs) verursacht 
werden, wurde die Hochdurchsatz-Sequenzierung des ganzen Exoms (WES) sowie des ganzen 
Genoms (WGS) evaluiert. Unsere Daten weisen darauf hin, dass WGS die hohen Ansprüche 
von genetischen Abklärungen besser erfüllt als WES. Sie deckt nicht nur kodierende Exons, vor 
allem in GC-reichen Regionen, besser ab, sondern ist auch bei der Detektion von strukturellen 
Varianten (SV) und Abweichungen im nicht-kodierenden Bereich besser geeignet. WGS stellt im 
Vergleich zu Microarrays zudem eine effizientere Untersuchungsmethode dar, da sie gleichzeitig 
SNVs und SVs detektieren kann. Das Analysieren und Interpretieren der NGS/WGS-Daten bleibt 
aber eine Herausforderung und ist Gegenstand aktueller Forschung. 
Diese Doktorarbeit gibt neue Einblicke in die Erforschung der molekularen Grundlagen 
von Aortenkrankheiten und eröffnet den Weg zur Erfassung von neuen (Kandidaten-)Genen 
sowie zur Entwicklung von neuen Therapien für AD. 
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Summary 
Aortic diseases (AD) including aortic aneurysms and dissections are associated with high 
morbidity and mortality due to an increased risk for aortic ruptures. AD can occur 
spontaneously due to several risk factors or in association with a genetic (connective tissue) 
disorder. So far, numerous heritable forms of AD have been described, which can be non-
syndromic with no extra-cardiovascular features or syndromic involving multiple organ 
systems with overlapping clinical phenotypes. Traditional diagnostic testing using Sanger 
sequencing and multiplex ligation-dependent probe amplification (MLPA) is hampered by the 
high number and large size of genes associated with AD as well as by the biological or rather 
scientific problem that some of the genes mutated in AD are still unknown. Consequently, the 
aim of this thesis was to contribute to a better understanding of the molecular basis of aortic 
diseases by using novel high-throughput technologies. 
A cohort of 65 AD patients with no mutation detected using previous standard genetic 
testing was screened by microarrays (aCGH) custom designed for exonic regions to enable 
the detection of deletions affecting single exons. No deletions in genes known to be 
associated with AD have been identified. However, in 11 patients (11/65) deletions in genes 
directly playing a role in the composition of the extracellular matrix (e.g. PCDHGB4 and 
VWA3A) or in TGF  signalling (e.g. FGFR2 and B3GLCT), which is known to be involved in 
the pathogenesis of AD, have been detected. Further examinations are needed to determine 
the role of these genes in AD. As the characterization of such deletions using long-range 
PCR and Sanger sequencing is often laborious and time-consuming, next-generation 
sequencing (NGS) was applied for the identification of deletion breakpoints. It was shown 
that both second- and third-generation sequencing platforms provide an effective and 
efficient alternative for the characterization of deletion breakpoints. 
Since most AD cases are caused by single nucleotide variants (SNVs) or small 
insertions and deletions, high-throughput sequencing approaches like the sequencing of the 
whole exome (WES), i.e. all known exons in the human genome, or the whole genome 
(WGS) were also evaluated. Our data suggest that WGS fulfils the needs of molecular 
diagnostics better than WES. It not only outperforms WES in sufficiently covering coding 
exons, especially GC-rich regions, but is also more powerful for the detection of structural 
variants (SVs) as well as sequence variants in non-coding regions. Furthermore, WGS 
represents a more efficient screening method than microarrays as it allows the simultaneous 
detection of both SNVs and SVs. However, the analysis and interpretation of NGS/WGS data 
remains challenging and is still subject to ongoing research. 
This thesis provides novel insights into the assessment of the molecular basis of 
aortic diseases and opens the way for the identification of novel (candidate) genes and the 
development of novel therapies for AD. 




AAA Abdominal aortic aneurysm 
ACE Accuracy and Content Enhanced 
ACEI Angiotensin-converting enzyme inhibitor 
aCGH Array comparative genomic hybridization 
AD Aortic disease 
ADAMTS-13 A disintegrin and metalloproteinase with thrombospondin motifs 13 
ADAMTSL-1 ADAMTS-like protein 1 
ACTA2 Actin, alpha 2, smooth muscle, aorta; MIM *102620 
APC Adenomatous polyposis coli; MIM *611731 
ARB Angiotensin II type 1 receptor blocker 
ARVCF Armadillo repeat gene deleted in velocardiofacial syndrome; MIM *602269 
ATR1 Angiotensin II type 1 receptor 
ATR2 Angiotensin II type 2 receptor 
ATS Arterial tortuosity syndrome; MIM #208050 
B3GLCT Beta 3-glucosyltransferase; MIM *610308 
bp Base pairs 
C Cytosine 
CDKN2B Cyclin-dependent kinase inhibitor 2B (p15, inhibits CDK4); MIM *600431 
CHD7 Chromodomain helicase DNA binding protein 7; MIM *608892 
ChIP-seq Chromatin immunoprecipitation followed by NGS 
CNTNAP2 Contactin associated protein-like 2; MIM *604569 
CNV Copy number variant 
co-SMAD Common SMAD 
COL3A1 Collagen, type III, alpha 1; MIM *120180 
COL6A5 Collagen, type VI, alpha 5; MIM *611916 
COL9A3 Collagen, type IX, alpha 3; MIM *120270 
CRISPR/Cas Clustered regularly interspaced short palindromic repeats/CRISPR-
associated 
DGV Database of Genomic Variants 
DNA Deoxyribonucleic acid 
EDS III Ehlers-Danlos syndrome, hypermobility type; MIM %130020 
EDS IV Ehlers-Danlos syndrome, vascular type; MIM #130050 
EDTA Ethylenediaminetetraacetic acid 
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ECM Extracellular matrix 
ERK Extracellular signal-regulated kinase 
FBN1 Fibrillin 1; MIM *134797 
FASST2 Fast Adaptive States Segmentation Technique 2 
FGFR2 Fibroblast growth factor receptor 2; MIM *176943 
FoSTeS Fork Stalling and Template Switching 
G Guanine 
gDNA Genomic DNA 
GLUT10 Glucose transporter 10 
GWAS Genome-wide association study 
HAS1 Hyaluronan synthase 1; MIM *601463 
HOXA1 Homeobox A1; MIM *142955 
HSPG2 Heparan sulfate proteoglycan 2; MIM *142461 
INDEL Small insertion and deletion 
ITGAE Integrin, alpha E (antigen CD103, human mucosal lymphocyte antigen 1; 
alpha polypeptide); MIM *604682 
JNK c-Jun N-Terminal kinase 
K Thousand 
kb Kilobases 
KMT2D Lysine (K)-specific methyltransferase 2D; MIM *602113 
LAP Latency-associated peptide 
LDS Loeys-Dietz syndrome; MIM #609192, #610168, #613795, #614816 
LEFTY2 Left-right determination factor 2; MIM +601877 
LLC Large latent complex 
lncRNA Long non-coding RNA 
LOH Loss of heterozygosity 
LR-PCR Long-range PCR 
LTBP Latent TGF -binding protein 
LTBP3 Latent transforming growth factor beta binding protein 3; MIM *602090 
LTBP4 Latent transforming growth factor beta binding protein 4; MIM *604710 
M Million 
MAGP-2 Microfibril-associated glycoprotein-2 
MAPK Mitogen-activated protein kinase 
MAT Methionine adenosyltransferase 
MAT2A Methionine adenosyltransferase II, alpha; MIM *601468 
Mb Megabases 
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MFAP5 Microfibrillar associated protein 5; MIM *601103 
MFS Marfan syndrome; MIM #154700 
MLCK Myosin light chain kinase 
MLPA Multiplex ligation-dependent probe amplification 
MMP Matrix metalloproteinase 
MMP26 Matrix metalloproteinase 26; MIM *605470 
MYH11 Myosin, heavy chain 11, smooth muscle; MIM *160745 
MYLK Myosin light chain kinase; MIM *600922 
MYO19 Myosin XIX 
NAHR Non-allelic homologous recombination 
NDUFA6 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 6, 14kDa; MIM 
*602138 
NGS Next-generation sequencing 
NHEJ Non-homologous end joining 
NMD Nonsense-mediated mRNA decay 
NOS1 Nitric oxide synthase 1 (neuronal); MIM *163731 
NOTCH1 Notch 1; MIM *190198 
NOTCH2 Notch 2; MIM *600275 
NOTCH3 Notch 3; MIM *600276 
NPHP3 Nephronophthisis 3 (adolescent); MIM *608002 
OR51L1 olfactory receptor, family 51, subfamily L, member 1 
PCDHG Protocadherin-gamma gene cluster; MIM #604968 
PCDHGA8 Protocadherin gamma, subfamily A, 8; MIM *606295 
PCDHGA11 Protocadherin gamma, subfamily A, 11; MIM *606298 
PCDHGB4 Protocadherin gamma, subfamily B, 4; MIM *603058 
PCDHGB5 Protocadherin gamma, subfamily B, 5; MIM *606302 
PCR Polymerase chain reaction 
PKD1 Polycystic kidney disease 1 (autosomal dominant); MIM *601313 
PKG-1 Type I cGMP-dependent protein kinase 
PRKG1 Protein kinase, cGMP-dependent, type I; MIM *176894 
R-SMAD Receptor-regulated SMAD 
RAG1 Recombination activating gene 1; MIM *179615 
RAG2 Recombination activating gene 2; MIM *179616 
RNA Ribonucleic acid 
ROCK Rho-associated protein kinase 
SGS Shprintzen-Goldberg syndrome; MIM #182212 
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SKI SKI proto-oncogene; MIM *164780 
SLC Small latent complex 
SLC2A10 Solute carrier family 2 (facilitated glucose transporter), member 10; MIM 
*606145 
SMAD3 SMAD family member 3; MIM *603109 
SMAD7 SMAD family member 7; MIM * 602932 
SMC Smooth muscle cell 
SNP Single nucleotide polymorphism 
SNV Single nucleotide variant 
SV Structural variant 
T Thymine 
TAA Thoracic aortic aneurysm 
TAAD Familial thoracic aortic aneurysms and dissections; MIM #132900 
T RI TGF  type I receptor 
T RII TGF  type II receptor 
TGF  Transforming growth factor beta 
TGFB1 Transforming growth factor, beta 1; MIM *190180 
TGFB2 Transforming growth factor, beta 2; MIM *190220 
TGFB3 Transforming growth factor, beta 3; MIM *190230 
TGFBR1 Transforming growth factor, beta receptor 1; MIM *190181 
TGFBR2 Transforming growth factor, beta receptor II (70/80kDa); MIM *190182 
TGFBR3 Transforming growth factor, beta receptor III; MIM *600742 
THBS2 Thrombospondin 2; MIM *188061 
THSD4 Thrombospondin, type I, domain containing 4; MIM *614476 
TNXB Tenascin XB; MIM *600985 
TSC2 Tuberous sclerosis 2; MIM *191092 
UPD Uniparental disomy 
VCAN Versican; MIM *118661 
VCF Variant Call Format 
VSMC Vascular smooth muscle cell 
VWA3A Von Willebrand factor A domain containing 3A 
WES Whole-exome sequencing 
WGS Whole-genome sequencing
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1 General Introduction 
1.1 Aortic Diseases 
1.1.1 Cardiovascular System 
The cardiovascular system is responsible for the transport of nutrients and oxygen 
throughout the body. The motor of the cardiovascular system is the heart, which is divided 
into two halves, each consisting of an atrium and a chamber (Figure 1). The right half 
receives oxygen poor blood from the body and pumps it into the lungs for oxygenation. From 
there it enters the left half of the heart via the pulmonary veins and is pumped back to the 
body through the aorta to supply the body with oxygen. Thus, the aorta is the blood vessel 
which experiences the highest blood pressures and is consequently most sensitive to 
changes in the connective tissue composition within its wall [reviewed in Quaglino and 
Ronchetti 2002]. 
  
Figure 1. Structural composition of the 
human heart. LA, left atrium; LV, left 
ventricle; RA, right atrium; RV, right ventricle 
(http://www.stopafib.org/images/diagram-
heart-pump-large.jpg). 
Figure 2. The three layers of vessel walls and their composition 
[Brunner and Ignaszewski 2011]. 
The walls of blood vessels consist of three different layers (Figure 2). While the tunica 
intima (intimal layer) consists of a single layer of endothelial cells, which forms the 
endothelium, the tunica media (medial layer) is characterized by alternating layers of 
vascular smooth muscle cells (VSMCs) and concentric elastic lamellae. The number of these 
layers is highly variable according to the function of the vessel. Likewise, the ascending aorta 
which is exposed to the highest pressure contains most of these layers and the number is 
decreasing according to the reduction of maximal pressure with increasing distance from the 
heart. Also some collagen bundles and proteoglycans can be seen among the VSMCs. In 
contrast, the tunica adventitia (adventitial layer) is composed of dense connective tissue 
mainly comprised of collagen bundles and only a few spread elastic aggregates. Fibroblasts 
are the most abundant cell type in this part of the vessel wall, but macrophages can also 
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appear. The constitution of the layers is different depending on vessel size and type 
(Table 1) [reviewed in Quaglino and Ronchetti 2002]. 
VSMCs in the tunica media of the aorta, which belongs to the elastic arteries 
(Table 1), are produced from at least seven unique and non-overlapping origins in vertebrate 
embryos depending on their location in the aorta (Figure 3). VSMCs from different embryonic 
origins respond in lineage-specific ways to important soluble factors that control 
development, growth, and remodelling of the vessel wall and may thus be variably sensitive 
to changes in signalling, like in the case of inherited aortic diseases (AD) [reviewed in 
Majesky 2007].  
Table 1. Vessel parameters in humans [Quaglino and Ronchetti 2002]. 
 Type Diameter Tunica Intima Tunica Media Tunica Adventitia 
Arteries      
 Elastic >1 cm 50-100 μm thick 
(increases with age), 
endothelium, basement 
membrane, proteoglycans, 
a few collagen fibrils, 
internal elastic lamina 
1-3 mm thick, layers of 
smooth muscle cells, 
layers of elastic lamellae, 
small collagen bundles, 
proteoglycans 
300-400 μm thick, 
fibroblasts, scarce smooth 
muscle cells and elastic 
fibres, thick collagen 
bundles, vasa vasorum 
 Muscular 0.1-10 mm 50-100 μm thick 
(increases with age), 
endothelium, basement 
membrane, proteoglycans, 
a few collagen fibrils and 
smooth muscle cells, 
prominent internal elastic 
lamina 
0.1-1 mm thick, layers of 
smooth muscle cells, 
scarce elastic lamellae, 
small collagen bundles, 
proteoglycans 
200-400 μm thick, 
fibroblasts, scarce smooth 
muscle cells and elastic 
fibres, thick collagen 
bundles, vasa vasorum 
 Arterioles <100 μm Thin endothelium, 
basement membrane, little 
collagen, thin elastic 
lamina 
One to two layers of 
smooth muscle cells, 
scarce elastin, collagen, 
and proteoglycans 
Thin, ill-defined sheets of 
connective tissue 
 Capillaries <10 μm Endothelium, basement 
membrane 
None None 
Veins      
 Postcapillaries 10-30 μm 5-20 μm thick (increases 




 Small 0.1-1 mm 20-50 μm thick, 
endothelium, basement 
membrane, pericytes, rare 
smooth muscle cells, 
scarce collagen fibrils and 
proteoglycans 
50-100 μm thick, smooth 
muscle cells (one to three 
layers), scarce collagen 
bundles and 
proteoglycans 
100-200 μm thick, 
fibroblasts, collagen 
bundles, some elastic 
fibres 
 Medium 1-10 mm 20-50 μm thick, 
endothelium, basement 
membrane, rare smooth 
muscle cells, scarce 
collagen fibrils and 
proteoglycans 
100-500 μm thick, smooth 
muscle cells (up to eight 
layers), scarce collagen 
bundles, elastic fibres and 
proteoglycans 
200-500 μm thick, 
fibroblasts, scarce smooth 
muscle cells, collagen 
bundles, some elastic 
fibres 
 Large >1 cm 20-50 μm thick, 
endothelium, basement 
membrane, rare smooth 
muscle cells, scarce 
collagen fibrils and 
proteoglycans 
>0.5 mm thick, few 
fibroblasts, smooth muscle 
cells (up to 15 layers), 
collagen bundles, elastic 
fibres, proteoglycans 
>0.5 mm thick, fibroblasts, 
smooth muscle cells, 
collagen bundles, some 
elastic fibres 
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Figure 3. Developmental fate map for vascular smooth muscle cells (VSMCs). Different colours represent 
different embryonic origins for VSMCs as indicated in the boxed images to the left and right sides of the figure. 
Yellow outline indicates both local and systemic contributions by various sources of vascular stem cells. The fate 
map reveals a highly mosaic distribution of VSMC subtypes in the aorta and its major branch arteries [Majesky 
2007]. 
1.1.2 Inherited Syndromic and Non-Syndromic Aortic Diseases 
Aortic aneurysms and dissections are associated with high morbidity and mortality due to an 
increased risk for aortic rupture. Aneurysms are dilatations of blood vessels, which result in 
thinner and less stable vessel walls. Two main types of aortic aneurysms are distinguished 
depending on their location in the aorta. Aneurysms above the diaphragm are classified as 
thoracic aortic aneurysms (TAA), whereas such below the diaphragm are known as 
abdominal aortic aneurysms (AAA) (Figure 4). Aortic aneurysms tend to be asymptomatic 
and are often only diagnosed in the event of aortic dissection or rupture. Aortic dissection is a 
tear in the intimal layer of the aortic wall and can occur with or without prior aortic aneurysm 
(Figure 2, Figure 5). Blood from the aortic lumen enters the vessel wall through this tear and 
dissects along the plane of the wall establishing a false lumen. In the classification of 
General Introduction Meienberg (2015): Molecular Basis of Aortic Diseases 
10 
Stanford aortic dissections are divided according to whether the ascending aorta is involved 
(type A) or not involved (type B) [reviewed in Milewicz et al. 2008 and Nienaber and Clough 
2015]. Aortic dissection not only leads to a substantial risk for aortic rupture, but can also 
cause obstruction of flow to aortic branch vessel by an intimal flap leading to malperfusion of 
the vascular territory of affected vessels [Swee and Dake 2008]. Risk factors for aortic 
diseases include age, male gender, smoking, high blood pressure, and especially in the case 
of younger individuals with thoracic aortic aneurysms and dissections also bicuspid aortic 
valves and genetic factors [Coady et al. 1999, Landenhed et al. 2015]. 
  
Figure 4. Classification of aortic aneurysms 
(http://www.northernsydneyvascular.com.au
/images/AorticAneurysm1.jpg). 
Figure 5. Classification of aortic dissections 
(http://img.photobucket.com/albums/v671/passmore/AD2.gif).  
ATS: Arterial tortuosity syndrome, ar
EDS IV: Ehlers-Danlos syndrome vascular type, ad
LDS: Loeys-Dietz syndrome, ad
MFS: Marfan syndrome, ad
SGS: Shprintzen-Goldberg syndrome, ad
























Figure 6. Inherited disorders associated with aortic disease and overlapping phenotypes. ad, autosomal 
dominant; ar, autosomal recessive [kindly provided by G. Matyas].  
Aortic aneurysms and dissections can occur in a broad range of inherited (connective 
tissue) disorders with overlapping clinical signs (Figure 6, Table 2). However, only a limited 
part of genes mutated in AD is known so far. These comprise the non-syndromic familial 
thoracic aortic aneurysms and dissections (TAAD) caused by mutations in TGFBR1 and 
TGFBR2 [Pannu et al. 2005, Matyas et al. 2006], MYH11 [Zhu et al. 2006], ACTA2 [Guo et 
al. 2007], MYLK [Wang et al. 2010], TGFB2 [Boileau et al. 2012], PRKG1 [Guo et al. 2013], 
MFAP5 [Barbier et al. 2014], and MAT2A [Guo et al. 2015]. In addition, also syndromic 
disorders such as Marfan syndrome (MFS) associated with mutations in FBN1 [Dietz et al. 
1991], Ehlers-Danlos syndrome vascular type (EDS IV) associated with mutations in 
COL3A1 [e.g. Pope et al. 1975, Superti-Furga et al. 1988, Tromp et al. 1989, Steinmann et 
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al. 2002], Loeys-Dietz syndrome (LDS) caused by mutations in TGFBR1 and TGFBR2 
[Loeys et al. 2005, 2006], SMAD3 [van de Laar et al. 2011, 2012], as well as TGFB2 [Boileau 
et al. 2012, Lindsay et al. 2012], arterial tortuosity syndrome (ATS) due to mutations in 
SLC2A10 [Coucke et al. 2006], and Shprintzen-Goldberg syndrome (SGS) associated with 
mutations in SKI [Doyle et al. 2012a] have been described. Recently heterozygous mutations 
in TGFB3 have been reported in individuals with clinical features overlapping MFS and LDS 
[Rienhoff et al. 2013, Matyas et al. 2014, Bertoli-Avella et al. 2015].  
Table 2. Disorders associated with AD [Attenhofer Jost et al. 2014]. 
Extremely rare aortic aneurysm (AA) is caused by mutations in the genes COL1A1, COL1A2 or MED12, whereas mutations in the genes PLOD3, 
ENG, ACVRL1 or NF1 cause medium-sized AAs. BAV, bicuspid aortic valve; CAD, coronary artery disease; COA, coarctation of the aorta; HCM, 
hypertrophic cardiomyopathy; IA, intracranial aneurysms; LVOTO, left ventricular outflow tract obstruction; MVP, mitral valve prolapse; PDA, 
patent ductus arteriosus; TOF, tetralogy of Fallot; -, absent or not observed/reported; +, sporadic; ++, common; +++, typical; ad, autosomal 
dominant; ar, autosomal recessive; Xl, X-linked; Xld, X-linked dominant. 
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1.1.3 Signalling Pathways Involved in Aortic Diseases 
1.1.3.1 TGF  Signalling 
The transforming growth factor beta (TGF ) superfamily consists of cytokines that regulate a 
wide range of functions like cell proliferation, differentiation, migration, adhesion, apoptosis, 
and extracellular matrix (ECM) production. Consequently, it plays a crucial role in the 
pathogenesis of different diseases such as cancer, autoimmune diseases, fibrosis, and 
cardiovascular diseases. There are at least three isoforms of TGF  (TGF 1-3), which are 
highly conserved proteins synthesized as large protein precursors consisting of an N-terminal 
signal peptide, a pro region (latency-associated peptide, LAP), and a C-terminal portion. This 
C-terminal portion is cleaved from the LAP within the cell to become the mature TGF  
molecule. The LAP and the mature TGF  molecule remain non-covalently bound building the 
small latent complex (SLC) and keeping TGF  in an inactive state. Following binding to one 
of four latent TGF -binding proteins (LTBP1-4) forming the large latent complex (LLC), it is 
secreted from the cell and sequestered in fibrillin-rich microfibrils of the ECM through 
interaction of LTBP with the N-terminus of fibrillin-1. TGF  gets activated when the free 
ligand is released from LLC by proteolytic cleavage by thrombospondin, plasmin, reactive 
oxygen species, acidic microenvironment, matrix metalloproteinases (MMP2 and MMP9) or 
6 integrin. Upon activation TGF  binds to a homodimer of TGF  type II receptors (T RIIs), 
constitutively active serine/threonine kinase transmembrane receptors, which then recruits a 
TGF  type I receptor (T RI) homodimer and activates it by phosphorylation of specific serine 
and threonine residues in its intracellular juxtamembrane region. Activated T RI, which also 
belongs to the family of serine/threonine kinase transmembrane receptors, recruits and 
phosphorylates receptor-regulated SMAD (R-SMAD), namely SMAD2 and/or SMAD3. These 
activated R-SMADs bind to the common SMAD (co-SMAD) SMAD4 to form a heterodimeric 
complex, which enters the cell nucleus where it regulates together with other transcription 
factors the expression of target genes. In addition to this highly conserved so-called 
canonical (i.e. SMAD-dependent) pathway, TGF  receptor activation leads also to 
stimulation of several non-SMAD (non-canonical) signalling cascades, including Rho-
associated protein kinase (ROCK) and mitogen-activated protein kinase (MAPK) cascades, 
the latter of which includes extracellular signal-regulated kinase (ERK), c-Jun N-Terminal 
kinase (JNK), and p38 (Figure 7) [reviewed in Doyle et al. 2012b and Pardali and ten Dijke 
2012]. 
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Figure 7. Signalling pathways involved in AD. Green indicates canonical TGF  signalling, blue non-canonical 
TGF  signalling, and red other proteins implicated in TGF  signalling [Attenhofer Jost et al. 2014]. 
It was long thought that MFS caused by mutations in the gene FBN1 is a disorder of 
weak connective tissue like EDS IV, which is caused by mutations in the COL3A1 gene 
encoding the pro-alpha 1 chains of type III collagen, a fibrillar collagen of extensible 
connective tissues. However, some features of MFS like bone overgrowth, may not solely be 
explained by the deficiency of an ECM component like fibrillin-1, the protein encoded by 
FBN1. In 2003, Neptune et al. described that FBN1 mutations may also lead to enhanced 
TGF  signalling [Neptune et al. 2003], which may explain these features. It was proposed 
that disturbed microfibril structure due to FBN1 mutations may lead to lower amount of bound 
LLC and consequently less TGF  can be kept in its inactive form resulting in enhanced TGF  
signalling. Later it has been shown that enhanced TGF  signalling also contributes to other 
features of MFS such as the increased risk for aortic aneurysms and dissections [reviewed in 
Doyle et al. 2012b]. 
A similar mechanism is proposed for mutations in MFAP5, which have very recently 
been associated with TAAD and which were shown to lead to enhanced TGF  signalling in 
aortas of affected patients [Barbier et al. 2014]. This gene encodes microfibril-associated 
glycoprotein-2 (MAGP-2) known to interact with fibrillin-1 of isolated or elastin-associated 
microfibrils [Gibson et al. 1998]. MAT2A, loss-of-function mutations in which have very 
recently been reported to predispose to aortic aneurysms and bicuspid aortic valve, encodes 
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the methionine adenosyltransferase MAT2 . This enzyme is involved in the synthesis of the 
amino acid cysteine and loss-of-function mutations lead thus to reduced intracellular cysteine 
amounts, which could affect the synthesis of the cysteine-rich protein fibrillin-1. Alternatively 
or in addition, also increased oxidative stress enhancing signalling through the angiotensin II 
pathway, which activates similar signalling cascades as TGF  (Figure 7), could contribute to 
the predisposition to AD [Guo et al. 2015]. Another player that binds the inactive form of 
TGF  is decorin. Decorin is expressed in a glucose-dependent manner. Likewise, mutations 
in SLC2A10 encoding the glucose transporter GLUT10, which is localised in the 
mitochondrial walls of VSMCs, are associated with autosomal recessively inherited ATS. 
This disorder is also characterized by enhanced TGF  signalling and has features 
overlapping with MFS and LDS including the increased risk for aneurysms and dissections of 
large arteries [Coucke et al. 2006]. 
Further confirmation for the role of aberrant TGF  in AD was the association of 
mutations in genes encoding proteins directly involved in TGF  signalling with syndromic 
forms of AD including marfanoid habitus. After the association of mutations in the receptors 
(TGFBR1 and TGFBR2) with LDS [Loeys et al. 2005, 2006], also mutations in SMAD3, which 
is one of the R-SMADs involved in canonical TGF  signalling, were associated with a related 
phenotype [van de Laar et al. 2011, 2012]. Recently, also mutations in the ligands (TGFB2 
and TGFB3) have been associated with LDS [Boileau et al. 2012, Lindsay et al. 2012, 
Rienhoff et al. 2013, Matyas et al. 2014, Bertoli-Avella et al. 2015]. Also mutations directly in 
an inhibitor of TGF  signalling are known to cause a related phenotype, like in the case of 
SGS, which is associated with mutations in the gene SKI encoding a negative regulator of 
SMAD-dependent TGF  signalling [Doyle et al. 2012a]. While first studies indicated that AD 
is mainly mediated by canonical TGF  signalling, recent results with mouse models also 
indicated an important role of non-canonical TGF  signalling in the pathogenesis of AD 
(Figure 7) [Habashi et al. 2011, Holm et al. 2011]. 
1.1.3.2 Contractile Apparatus 
Interestingly, many genes exclusively associated with TAAD without systemic features 
encode proteins involved in the contractile apparatus of VSMCs and are not directly linked to 
TGF  signalling. Likewise, ACTA2 and MYH11, mutations in both of which are associated 
with TAAD, encode the most abundant actin and myosin heavy chains in VSMCs, 
respectively [Zhu et al. 2006, Guo et al. 2007]. MYLK, a further gene associated with TAAD, 
encodes the myosin light chain kinase (MLCK), which initiates the physiological contractions 
of smooth muscle cells (SMCs) in hollow organs such as the aorta [Wang et al. 2010]. 
Mutations in these three genes are associated with a defective contractile apparatus. So far, 
only one single recurrent gain-of-function mutation in PRKG1 leading to a constitutively 
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active enzyme has been associated with TAAD [Guo et al. 2013]. As this gene encodes 
type I cGMP-dependent protein kinase (PKG-1), which activates SMC relaxation, it is still in 
line with the proposed disease mechanism of decreased SMC contraction leading to TAAD. 
Another proposed mechanism of how mutations in these genes of the contractile apparatus 
predispose to aortic aneurysm is reduced mechanosensing. Accordingly, cells will mistake 
high stress for low stress and thus activate degenerative pathways [Humphrey et al. 2014]. 
1.1.4 Current Therapeutic Possibilities 
Inherited AD cannot be cured but managed. Standard management/treatment includes blood 
pressure control and adaptation of life style, which includes stress avoidance and no contact 
sport or other activities raising the blood pressure. Another therapeutic option is elective 
aortic surgery in order to avoid emergency situations, which are associated with a worse 
outcome. The decision for elective surgery depends on different factors like aortic diameter, 
progression rate, and underlying genetic defect. Likewise, for LDS patients, elective surgery 
is recommended at lower diameter than in MFS (Table 3) [reviewed in Attenhofer Jost et al. 
2014]. The standard medical therapy to reduce the rate of aortic enlargement in MFS 
patients are -blockers despite limited evidence of beneficial effects [Shores et al. 1994, 
Attenhofer Jost et al. 2014]. Comparatively, a recent clinical trial with EDS IV patients has 
shown a beneficial effect of the -blocker celiprolol to prevent arterial ruptures and 
dissections [Ong et al. 2010]. 
Table 3. Current guidelines for operative aortic root replacement [Attenhofer Jost et al. 2014]. 
 
*Comment: Earlier prior to pregnancy, positive family history for aortic dissections, rapid growth of the aorta (>5 mm/year), associated aortic valve 
disease, maximum aortic cross-sectional/area/body height >10 cm2/m. 
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Table 4. Overview of clinical trials on pharmacological treatment of dilatation of the aorta in Marfan syndrome 
(ARB, -blocker or both) [Attenhofer Jost et al. 2014]. 
 
The knowledge on the involvement of high TGF  signalling in AD also opened new 
therapeutic possibilities. In a mouse model of MFS, it was shown that the reduction of TGF  
signalling using antibodies against TGF  slowed down the growth rate of aortic aneurysms. 
Likewise, also the administration of angiotensin II type 1 receptor blockers (ARBs) like 
losartan has been shown to be efficient in MFS mice [Habashi et al. 2006]. A small study with 
18 young adults showed the efficacy of losartan to reduce the aortic growth rate also in 
humans [Brooke et al. 2008]. Larger clinical trials with different age groups and study 
protocols have consequently been initiated to further assess the efficacy of ARBs also 
compared or in addition to the current standard treatment with -blockers (Table 4) [reviewed 
in Attenhofer Jost et al. 2014]. First results of these trials confirm that losartan treatment 
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significantly reduced aortic growth rate and show that a combination of -blockers and 
losartan is more efficient to prevent a fatal cardiac outcome than -blockers alone [Chiu et al. 
2013, Groenink et al. 2013, Pees et al. 2013, Mueller et al. 2014]. However, recently 
published results of the clinical trial of the Pediatric Heart Network detected no significant 
differences in the reduction of root growth in groups either treated with the ARB losartan or 
the -blocker atenolol [Lacro et al. 2014]. Studies with mouse models of LDS, which is like 
MFS associated with enhanced TGF  signalling despite truncating mutations in active 
players of this pathway, have also shown that losartan in contrast to the -blocker 
propranolol is effective to reduce TGF  signalling and ameliorate pathologic aortic growth, 
suggesting ARBs also as a treatment option for LDS [Gallo et al. 2014]. 
Angiotensin-converting enzyme inhibitors (ACEIs) inhibit the production of 
angiotensin II and thus signalling through both angiotensin II receptors (ATR1 and ATR2). 
While signalling through ATR1 activates ERK1/2, which is involved in non-canonical TGF  
signalling, it is inhibited by signalling through ATR2. Likewise, in mouse models of MFS 
direct inhibition of ERK1/2 as well as treatment with the ARB losartan, which selectively 
inhibits ATR1, were shown to be more efficient to reduce AD than treatment with ACEI [Holm 
et al. 2011, Habashi et al. 2011].  
A different therapeutic approach is the tetracyclic antibiotics doxycycline, which has 
been shown to ameliorate the aortic phenotype in mouse models of MFS and EDS IV [Xiong 
et al. 2008, Briest et al. 2011, Tae et al. 2012]. This drug has in subantibiotic concentration 
an inhibitory effect on MMPs, which degrade ECM components such as fibrillin and collagen. 
Another approach targeting matrix degradation through MMPs is the application of 
pravastatin, which was reported to reduce aortic root dilatation in MFS mouse models 
[McLoughlin et al. 2011]. Pravastatin is marketed as Pravachol or Selektine, belongs to the 
drug class of statins, and is normally used in combination with diet, exercise, and weight loss 
for lowering cholesterol and preventing cardiovascular disease like atherosclerosis. In this 
case, however, it acted as an inhibitor of isoprenoids, which are essential in the 
transportation and secretion of MMPs, leading to decreased matrix degeneration by MMPs.  
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1.2 Novel High-Throughput Technologies in Molecular Genetics  
1.2.1 Microarrays 
Traditional cytogenetics using caryotyping can only detect chromosome aberrations larger 
than 5-10 Mb. The gap for detection of deletions and duplications in the size range of 1 kb- 
10 Mb is closed by microarrays, of which two main types are available. One approach are 
SNP arrays, which contain probes for common single nucleotide polymorphisms (SNPs) to 
which labelled DNA of one sample is hybridized (i.e. one DNA sample per array). The most 
common applications of these arrays are genome-wide association studies (GWAS), which 
associate common sequence variants with phenotypic traits. Alternatively, the information of 
SNP arrays can be used to detect regions with abnormal allele distribution. Loss of 
heterozygositiy (LOH) in combination with decreased signal intensities indicates deletions, 
whereas copy neutral LOH indicates uniparental disomy (UPD) or consanguinity. 
Duplications are detected as increased signal intensity and relative allele rations different 
from 0.5 at heterozygous positions. In contrast to SNP arrays in array comparative genomic 
hybridization (aCGH) differently labelled control and patient DNA is loaded on the same array 
and the relative signal strength determines the copy number (Figure 8). Depending on the 
density of probes the resolution of aCGH can be up to ~400 bp. Both of these array types 
allow only the detection of copy number variants (CNVs), i.e. large deletions and 
duplications, but not of copy neutral structural variants (SVs) such as insertions and 
balanced translocations [reviewed in Le Scouarnec and Gribble 2012 and Riegel 2014]. For 
exact breakpoint localisation on base pair level additional methods like long-range 
polymerase chain reaction (LR-PCR) in combination with Sanger sequencing are needed, 
which are laborious and time consuming [Matyas et al. 2007, Meienberg et al. 2010 
(Appendix 1)].  
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Figure 8. The general procedure of aCGH (http://cgimatba.com/array-cgh-technology). 
1.2.2 Next-Generation Sequencing 
The current gold standard in sequencing is the strand termination method by Sanger [Sanger 
et al. 1977]. This method allows to sequence up to 1,000 bp of a defined region in one 
reaction. In contrast, massively parallel sequencing, also referred to as next-generation 
sequencing (NGS), which is commercially available since 2005, allows sequencing of many 
different fragments within one reaction. Using NGS, it is much less laborious to sequence 
high numbers of fragments allowing a much higher throughput and lower costs per 
sequenced base compared to traditional Sanger sequencing. Accordingly, the time and costs 
to sequence a complete human genome dropped from 13 years and estimated costs of $2.7 
billion for the first human genome completed in 2003 through the Human Genome Project 
using traditional Sanger sequencing to a few days and less than $10,000 using NGS 
[reviewed in Voelkerding et al. 2009 and Chrystoja and Diamandis 2014]. 
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Figure 9. Workflow of different NGS technologies. i.: DNA fragmentation and ligation of adaptors, ii.: Immobilisation 
to a solid surface, iii.: Amplification, iv.: Sequencing reaction, V.: Signal detection [Nguyen and Burnett 2014]. 
The general principle of NGS is to generate DNA fragments of a desired size range 
either by taking PCR products or by fragmenting the DNA using an enzyme mix or a shearing 
method such as sonication. After size selection, adapters are ligated to the DNA fragments to 
introduce the primer binding sites for sequencing. The resulting adapter containing fragments 
are called library and can be generated with or without PCR steps depending on the used 
chemistry. Furthermore, special adapters including barcode sequences can be used to 
distinguish different libraries from each other, which make it possible to pool libraries to 
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optimally use full sequencing capacity of a unit on the sequencer [reviewed in Head et al. 
2014 and van Dijk et al. 2014a]. NGS platforms are divided into two main groups, the so 
called second-generation sequencing platforms, where the signal is based on many DNA 
molecules derived from clonal amplification of one library fragment and third-generation 
sequencing platforms, which are based on single molecule sequencing (Figure 9) [Schadt et 
al. 2010]. After sequencing the signals produced by the sequencer are converted into 
nucleotide bases with associated quality scores generating short sequences called reads, 
which are saved in FASTQ files. These reads are subsequently either used for a de novo 
assembly if no reference sequence for the particular genome exists or, as in the case of the 
human genome, aligned to an already existing reference sequence generating a BAM file. 
After refinement steps like marking or filtering duplicate reads and realignment around 
putative small insertions and deletions (INDELs), the files are ready for variant calling. This 
process generates Variant Call Format (VCF) files, which list called differences to the 
reference sequence as sequence variants [reviewed in Oliver et al. 2015]. 
The available second-generation sequencing platforms differ on throughput, read 
length, and sequencing approach (Figure 10, Table 5). Sequencing on the out-dated platform 
SOLiD (Applied Biosystems, Figure 9c) is based on ligation of fluorescently labelled 
octomers, whereas on all the other platforms it is based on incorporation of single 
nucleotides by a polymerase. Accordingly, 454 (Roche, Figure 9a) and IonTorrent (Life 
Technologies, Figure 9e) offer one of the four different nucleotides at once and the signal 
generated by its incorporation is recorded, chemiluminescent signal in the presence of 
released pyrophosphate and changes in pH for 454 and IonTorrent, respectively. In contrast, 
Illumina (Figure 9b) has differently fluorescently labelled nucleotides with reversible chain 
terminators. Thus, Illumina allows only the incorporation of one nucleotide at once, whereas 
in the platforms of 454 and IonTorrent stretches of homopolymers give only one signal. 
Accordingly, due to variable signal strength per incorporated nucleotide, the accuracy of 
identifying the number of identical nucleotides decreases with increasing length of a 
homopolymer leading to high numbers of false positive INDEL calls in 454 and IonTorrent 
[reviewed in Nguyen and Burnett 2014 and Voelkerding et al. 2009]. Illumina, which does not 
have this issue as well as offers paired-end sequencing and the highest available throughput, 
is the current market leader [van Dijk et al. 2014b]. 
Table 5. Summary of the five major NGS platform families [Hodkinson and Grice 2015]. 
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Figure 10. Sequencing space based on read length (in bases) and number of reads per run. Points represent 
official platform/chemistry combination releases and are colour-coded based on the platform family [Hodkinson 
and Grice 2015]. 
The advantage of third-generation sequencing (Figure 9d) is not only the absence of 
clonal amplification, which can be an error source, but also the long reads (>1 kb) and the 
possibility to detect modification of nucleotides such as methylation by the kinetics of 
nucleotide incorporation. However, the throughput of third-generation sequencers is currently 
significantly lower compared to second-generation sequencing platforms (Figure 10). 
Likewise, the long reads of third-generation sequencers are frequently used in combination 
with second-generation sequencing data for the closing of gaps in de novo assembling, 
which are most often due to repetitive genomic regions. Currently, there is only one such 
system on the market, namely the one from PacBio (Figure 9d), which is based on a 
polymerase, which is attached on the bottom of wells and incorporates fluorescently labelled 
nucleotides, and a camera that records the signal of the incorporated nucleotides [Schadt et 
al. 2010]. However, a solution called nanopore technology is already under testing before 
market release [Loman and Watson 2015]. 
Gene panels with a limited number of genes covered were due to its high coverage 
and easy interpretable results the first approach that found wide application in a clinical 
setting. Targets can be enriched by single or multiplex PCR, which is mainly used in smaller 
panels with a limited number of exons. For larger panels or even exome sequencing, 
hybridization-based enrichment technologies proved to be more efficient. This can either be 
by microarrays or, what is more often used, in solution hybridization using biotinylated 
probes. Such sequencing panels can be custom-designed or commercially available. 
However, gene panels may need redesign whenever a new gene associated with the 
corresponding phenotype has been identified. This limitation can be overcome by the 
application of clinically focussed exome panels or whole-exome sequencing (WES), which 
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cover all clinically relevant and known exons in the human genome, respectively. However, 
the exome is not a fixed entity and a subject to change and thus whole-genome sequencing 
(WGS) is the most comprehensive solution. WGS without any enrichment is less prone to 
biases and GC-rich regions are better covered. However, since it requires higher amounts of 
sequencing capacity, WGS is more expensive and lower coverage can be achieved 
compared to gene panels [reviewed in Xuan et al. 2013 and Newman and Black 2014]. 
 
Figure 11. Strategies for structural variant (SV) detection. A: Read depth. Reads are aligned into the reference 
genome and when compared to diploid regions they show a reduced number of reads in a deleted region or 
higher read depth in a duplicated region. B: Paired reads. Pairs of sequence reads are mapped into the reference 
genome (from left to right): (1) no SV, pairs are aligned into correct order, correct orientation, and spanned as 
expected based on the library’s insert size; (2) deletion, the aligned pairs span far apart from that expected based 
on library insert size; (3) tandem duplication, read pairs are aligned in unexpected order, where expected order 
means that the leftmost read should be aligned in the forward strand and the rightmost read in the reverse strand; 
(4) novel sequence insertion, the pairs are aligned closer from that expected based on library insert size; (5) 
inversion, read pairs are aligned in wrong orientation, both reads align either in forward or reverse strand; and (6) 
read pairs mapped to different chromosomes. C: Split reads. Sequenced reads pointing to the same breakpoint 
are split at the nucleotide where the breakpoint occurs. The corresponding paired read is properly aligned to the 
reference genome. D: De novo assembly. Sample reads from novel sequence insertions are assembled without a 
reference sequenced genome [Escaramis et al. 2015]. 
NGS allows not only the detection of single nucleotide variants (SNVs) and INDELs 
but also of CNVs and in contrast to microarrays also copy neutral SVs, especially using WGS 
data, which have no gaps and biases from enrichment. Different algorithms for the detection 
of SVs in NGS data are available, which are based on four main strategies (Figure 11). One 
approach, which allows only the detection of CNVs, is the assessment of changes in read 
depth (Figure 11A). This approach is the only sequencing-based method to accurately 
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predict absolute copy number, but is on the other hand hampered by unequal read depth 
mainly due to differences in GC content and mappability. Furthermore, it is the only approach 
also applicable to non-WGS data like WES or gene panels, when using algorithms dedicated 
to this kind of data, which correct for enrichment-based biases. A further approach is the so-
called paired reads approach, which considers insert size and orientation of read pairs 
(Figure 11B). The down side of this approach is that it is prone to false positive calls in 
repetitive regions due to misalignment. The split reads approach (Figure 11C) realigns 
unmapped pair mates as putative breakpoint spanning reads by trying to split it to both ends 
of the deletion. The fourth approach is based on de novo assembly (Figure 11D), which, 
unlike the other approaches, also allows the characterization of novel (non-reverence) 
sequence insertions. As each of these approaches has its limitations, recent tools for the 
detection of CNVs in WGS data use a combination of different approaches [reviewed in Xi et 
al. 2012 and Escaramis et al. 2015]. 
There is a wide range of applications for NGS and only a few widely used approaches 
will be listed here. Next to resequencing for variant calling, DNA sequencing can also be 
used for de novo alignment for species where no reference sequence exists. Chromatin 
immunoprecipitation followed by NGS (ChIP-seq) enables genome-wide mapping of protein–
DNA interactions. Another widely used application is RNA sequencing, which is mostly 
quantitatively analysed to assess expression levels of genes and isoforms [reviewed in 
Buermans and den Dunnen 2014]. 
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1.3 Aim of the Thesis 
Identification of the molecular basis of AD with the current standard approach using Sanger 
sequencing and multiplex ligation-dependent probe amplification (MLPA) is challenging. 
Traditional Sanger sequencing is mainly hampered by the high number and large size of the 
genes known to be associated with AD. Moreover, although the successive application of 
commonly used exon-by-exon Sanger-sequencing and MLPA is a powerful screening 
strategy, it misses mutations in non-analyzed gene regions and genes. In addition to these 
technical limitations, the major scientific problem is that only a limited part of genes mutated 
in AD is known, preventing gene-targeted analyses. 
The aim of this thesis was to contribute to a better understanding of the molecular 
basis of aortic diseases by applying novel technologies. My working hypothesis was that the 
molecular basis of AD can be extended by applying appropriate state-of-the-art genome-wide 
methods to AD cases with unknown aetiology. A large collection of patients with inherited risk 
for rupture of the aorta or other arteries provided the basis for this thesis. Patients with 
known sequence variants served as positive controls in evaluation processes.  
The knowledge of the molecular basis underlying AD is crucial for (presymptomatic) 
diagnosis, optimal disease management, and genetic counselling as well as serves as basis 
for the development of targeted therapeutic strategies. Beyond this thesis, the evaluated 
methods and developed procedures may also be applied to any other inherited monogenic 
disorders.
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2 Results  
2.1 Published Results 
2.1.1  Precise Breakpoint Localization of Large Genomic Deletions using 
PacBio and Illumina Next-Generation Sequencers 
Okoniewski MJ*, Meienberg J*, Patrignani A, Szabelska A, Matyas G, Schlapbach R (2013) 
Precise breakpoint localization of large genomic deletions using PacBio and Illumina next-
generation sequencers. Biotechniques 54:98-100. 
*Equally contributing first authors 
Impact factor: 2.754 (2013) 
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2.1.1.2 Contribution of Authors 
Michal Okoniewski Equally contributing first author; data analysis, writing of the manuscript 
Janine Meienberg Equally contributing first author; library preparation, 
interpretation of data, writing of the manuscript 
Andrea Patrignani Library preparation and sequencing, writing of the manuscript 
Alicja Szabelska Statistical calculations, writing of the manuscript 
Gabor Matyas Equally contributing senior author; conceptual planning and design of 
the study, writing and editing of the manuscript 
Ralph Schlapbach Equally contributing senior author; initiation of the study, writing of the 
manuscript 
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2.1.2 New Insights into the Performance of Human Whole-Exome Capture 
Platforms 
Meienberg J*, Zerjavic K*, Keller I, Okoniewski M, Patrignani A, Ludin K, Xu Z, Steinmann B, 
Carrel T, Roethlisberger B, Schlapbach R, Bruggmann R, Matyas G (2015) New insights into 
the performance of human whole-exome capture platforms. Nucleic Acids Res 43:e76. 
*Equally contributing first authors 
Impact factor: 8.808 (2013) 
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Please refer to Appendix 2 for supplementary information. 
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2.1.2.2 Contribution of Authors 
Janine Meienberg Equally contributing first author; conceiving and planning the 
study, sequence capture and library preparation of the 
preliminary study, data analysis, writing of the manuscript 
Katja Zerjavic Equally contributing first author; data analysis, writing of the 
manuscript 
Irene Keller Data analysis, editing of the manuscript 
Michal Okoniewski Data analysis, editing of the manuscript 
Andrea Patrignani Sequence capture and library preparation of the preliminary study, 
editing of the manuscript 
Katja Ludin Contribution to data analysis and editing of the manuscript 
Zhenyu Xu Contribution to data analysis and editing of the manuscript 
Beat Steinmann Contribution to data analysis and editing of the manuscript 
Thierry Carrel Contribution to data analysis and editing of the manuscript 
Benno Roethlisberger Contribution to data analysis and editing of the manuscript 
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2.2 Unpublished Results 
2.2.1 aCGH Screening in Patients with Aortic Diseases 
2.2.1.1 Introduction 
Not only point mutations and INDELs but also larger deletions can play a role in AD [e.g. 
Matyas et al. 2007, Meienberg et al. 2010]. Routine mutation screening using Sanger 
sequencing and MLPA, however, may miss large deletions [Matyas et al. 2007, Shen and 
Wu 2009]. Currently, the method of choice for the detection of middle-sized and large 
deletions and duplications are microarrays. For the detection of genome-wide CNVs, 
microarrays are at the present faster, cheaper, and for data analysis less challenging than 
WGS or WES, for both of which the proof of concept for detection of large structural 
aberrations has been shown recently [Mills et al. 2011, Lonigro et al. 2011, Saintenac et al. 
2011, Sathirapongsasuti et al. 2011, Koboldt et al. 2012].  
In this thesis, AD patients with no mutation in genes covered by routine diagnostics 
for AD with unclear entity were screened for large deletions using microarrays. A custom-
designed aCGH approach with arrays enriched for probes in exonic regions was used 
enabling the genome-wide detection of one-exon deletions. The goal of this approach was to 
assess the impact of large deletions in known AD candidate genes in our cohort as well as to 
identify new candidate genes for AD. 
2.2.1.2 Material and Methods 
Patients 
65 unrelated patients with syndromic or non-syndromic AD were selected for this aCGH 
study. In this cohort, previous Sanger sequencing and MLPA analyses of FBN1, TGFBR1, 
and TGFBR2 revealed no pathogenic sequence variant [Matyas et al. 2002, 2006, 2007]. In 
addition, we analysed 31 control samples, including such with known CNVs (9/31), known 
pathogenic mutation associated with AD (7/31) or unaffected individuals and family members 
(15/31). Data on clinical phenotypes were collected from medical records or during physical 
examinations. Informed consent was obtained from patients and family members and the 
study was approved by the responsible local ethics committee. 
DNA was referred to us or extracted from EDTA-anticoagulated blood samples, saliva, tissue 
or cells cultured from aortic walls or skin biopsies (fibroblasts) using either QIAamp DNA Mini 
kit (Qiagen, Hilden, Germany) or Chemagic Magnetic Separation Module I (Chemagen, 
Perkin Elmer, Waltham, MA, USA) according to the manufacturers’ instructions. DNA 
extracted from fibroblasts was treated with RNase prior to use for aCGH to reduce RNA 
contamination. In detail, ~3 g genomic DNA (gDNA) was incubated with ribonuclease A 
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(10 g/ml) and ribonuclease T1 (25 units/ml) at 37°C for 30 min in a total volume of 100 l 
Tris-HCl buffer and subsequently purified using QIAamp DNA Mini kit (Qiagen, Hilden, 
Germany) according to manufacturers’ instructions. DNA was quantified by OD 
measurements (NanoDrop, Thermo Scientific, Waltham, MA, USA). 
aCGH 
aCGH was performed using custom-designed 2.1/4.2 M NimbleGen aCGH (Roche 
Diagnostics, Risch, Switzerland) according to the manufacturers’ instructions. These arrays 
contain the probes of commercially available 3×720 K/1.4 M genome-wide arrays (backbone) 
as well as 1.4/2.8 M additional custom-designed probes for exons to achieve higher 
resolution in these exonic regions. Briefly, 500 ng gDNA was labelled, quantified by OD 
measurements (NanoDrop, Thermo Scientific, Waltham, MA, USA), matched with control, 
and loaded on the array. Loaded arrays were hybridized for four days at 42°C and 
subsequently washed and scanned on a NimbleGen MS 200 Microarray Scanner (Roche 
Diagnostics, Risch, Switzerland). Data processing was performed using the software 
NimbleScan (Roche Diagnostics, Risch, Switzerland). 
Data were analysed using Fast Adaptive States Segmentation Technique 2 (FASST2) 
segmentation with the significance threshold set to 5×10-4, a maximal contiguous probe 
spacing of 1 Mb, and a minimal number of 3 probes per segment by the software Nexus 
Copy Number 7 (Biodiscovery, Hawthorne, CA, USA). We restricted the analysis to 
deletions, whereby the calling thresholds were set to log2 ratios of -0.5 and -1.1 for 
hemizygous and homozygous deletions, respectively. These settings proved to provide 
highest sensitivity and specificity during our evaluation process using our positive control 
samples. 
Confirmation and breakpoint analyses 
Promising deletions were confirmed using standard or LR-PCR followed by Sanger 
sequencing. Briefly, based on decreased microarray signal intensities, primers flanking the 
predicted deletion were designed and used in standard (expected fragment size <2-3 kb) or 
LR-PCR (Table 6). Accordingly, for standard PCR Hot Start thermostable DNA polymerase 
(HOT FIREPol; Solis BioDyne, Tartu, Estonia) was used whereas LR-PCR was performed 
using the Expand Long Template PCR System (Roche Diagnostics, Risch, Switzerland) 
according to manufacturers’ instructions. Fragments containing breakpoints have been 
sequenced in both directions on an ABI PRISM 3730 Genetic Analyzer (Applied Biosystems, 
Zug, Switzerland) using PCR primers and the BigDye Terminator v1.1 cycle sequencing kit 
(Applied Biosystems, Zug, Switzerland). 
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Table 6. Primers designed for PCR and/or long-range PCR according to the results of the microarray analyses. 
 Forward Primer Reverse Primer Unclear  
Patient Name Sequence (5’ 3’) Name Sequence (5’ 3’) Region* Assay 
420 N328_S GGGAAGAGGGGCAAAACTATC N4552_AS CCTGCCCCCTCCTCTCTC 3,951 bp LR-PCR 
30544 N303_F2 GGAGGGTCAGGACAGGAAGTG N3144_R CTGGCTACCTTCCCTTGTCAAC 15,004 bp LR-PCR 
127 N253_F TCCACGTAGTTTTTGTTCTTTCAGTT N2507_R GGTTTTCTCCAGTGCCAGTTC 1,850 bp PCR 
361 N418_F AGGAAGTGAAGGGTTCTCTTTTCTAT N3410_R ACCTGTTGCCTGCCTGAT 2,523 bp PCR 
37 N439_F TGCTCACCAATCAGGGAATG N2501_R GGCACCCCAATCCGTATG 1,949 bp PCR 
303 N69_F AGCCATAAAAGGAACGACATCA N4182_R AATCCCCTGCTTCAATAAATCA 3,605 bp LR-PCR 
30576 N253_F CCATTCTCACAGGTTTCCAGTC N3063_R GCCTCCCTCTCCAAACATTC 2,505 bp LR-PCR 
100 N374_F GCTTTCGGAGAACAGAACACTTG N5380_R AGGGGTGGGGTTGTGGA 4,741 bp LR-PCR 
31778 N398_F GCACCACTCTCTCCACTGACAA N6768_R AGATGTCCCTGCCACCTGAAT 6,249 bp LR-PCR 
110 N428_F GGGTGGGGACAAACACTTCTC N25697_R TATTACTGGGTGGGTCTGATGTGA 25,173 bp LR-PCR 
350 N456_F ACCAGAAGGAGCGAGAGATTATG N21208_R GGTGCTTTTGGGTTTTCTGTGTA 20,619 bp LR-PCR 
*Regions between last normal and first reduced array signal, in which breakpoints are expected; LR-PCR: long-range PCR; PCR; standard PCR. 
MLPA 
If available, deletions in promising AD candidate genes were confirmed by MLPA in the index 
patients as well as in their relatives. The MLPA kit P231-A2 (MRC-Holland, Amsterdam, the 
Netherlands) contains probes for 9 of the 18 exons of FGFR2 (NM_00141.4) including one of 
the two exons deleted in patient 420 (exon 3). Briefly, MLPA was performed using 100 ng 
template DNA according to the manufacturers’ instructions. MLPA fragments were separated 
by capillary electrophoresis on an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems, 
Zug, Switzerland). Each MLPA signal was normalized and compared to the corresponding 
peak area obtained in control DNA samples. Deviations >30% were suspected as alterations 
and verified by repeated MLPA analysis if not already known from aCGH. 
NGS data 
In order to assess the role of promising AD candidate genes identified by aCGH in our cohort 
of AD patients with unknown molecular basis, these genes were screened for mutations in 
our NGS data set. This NGS data set includes WGS with 60× coverage for 101 AD index 
patients, which were sequenced on a HiSeq X Ten system (Illumina, San Diego, CA, USA) 
by an external vendor using 2 g gDNA, either Illumina’s TruSeq Nano DNA Sample 
Preparation Kit, which is not PCR-free (43 patients), or Illumina’s TruSeq PCR-Free Sample 
Preparation Kit (58 patients), and 2 × 150 bp paired-end sequencing according to the 
manufacturers’ instructions for 350-bp insert size. In addition, there are also NGS data from 
clinically focused exome sequencing including exons and flanking intronic sequences of 
~7,600 clinically relevant genes for 13 index patients sequenced at 60× coverage by an 
external vendor on a HiSeq2500 system (Illumina, San Diego, CA, USA) using 4 g gDNA, 
the Accuracy and Content Enhanced (ACE) clinical exome enrichment platform (ACEv2, 
Personalis, Inc., Menlo Park, CA, USA), and 2 × 100 bp paired-end sequencing according to 
their standard workflow. For already known AD candidate genes additional 15 patients were 
available for mutation screening, which were sequenced by an external vendor at 300× 
coverage on a MiSeq system (Illumina, San Diego, CA, USA) using 2 g gDNA, a SureSelect 
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custom-designed enrichment panel (SureSelect Protocol Version 1.2, Agilent, Santa Clara, 
CA, USA) including exons and intronic flanking sequences for our list of AD candidate genes 
(Appendix 3), and 2 × 150 bp paired-end sequencing according to their standard workflow. 
Data analysis was performed by displaying coverage tracks of provided BAM files in Alamut 
visual (Interactive Biosoftware, Rouen, France) and screening coding exons and 50 bp 
flanking intronic sequences of genes of interest for nucleotide changes with at least 20% 
non-reference allele fraction or reduced coverage due to small deletions. 
Patients with deletions affecting a possible AD candidate gene were sequenced using 
the AD candidate gene panel except for patients 420 and 30576, for which WGS data are 
available. Using the generated NGS data, we screened these patients for further possibly 
disease-causing or modifying mutations in our AD candidate genes. In detail, we filtered the 
annotated results of the AD candidate gene panel analysis provided by the external vendor 
for sequence variants with at least 20% mutant allele and a population frequency of less than 
1% according to dbSNP release 137 (http://www.ncbi.nlm.nih.gov/SNP), which are non-
synonymous and predicted to be deleterious by at least one of the prediction tools SIFT 
[Kumar et al. 2009], PolyPhen [Ramensky et al. 2002], and Condel [Gonzalez-Perez and 
Lopez-Bigas 2011], lead to a frameshift or affect a splice site. For patients 420 and 30576, 
we used the platform knoSYS v3.1.02 (Knome, Waltham, MA, USA) for annotation and 
filtering of the sequence variants. We restricted the analysis also to the same set of AD 
candidate genes and used corresponding filtering criteria as for the other patients. 
Exon-by-exon Sanger sequencing for B3GLCT 
Table 7. Primers used for gDNA sequencing of B3GLCT. 
 Forward Primer Reverse Primer Fragment 
Exon Name Sequence (5’ 3’) Name Sequence (5’ 3’) length 
Exon 1 N58F CTGGAGGGGGCAGAGGTCAGA N605R GAGAGGGCGCTGCTGACGG 566 bp 
Exon 2 N62F TGAGCAAAATATGTCTTGTT N348R ATCCATGTTGACCACATTAT 306 bp 
Exon 3 N5F CTCCGTGGTCCCTTAGGT N373R TTTGCCCCACATCTTCAG 386 bp 
Exon 4 N59F TTTTCCCATTAAGAGTTTACTG N396R CAAAATGAGTCAGAGGAGTTAT 359 bp 
Exon 5 N8F GGAAAAAGAAGTGGTTTGAA N328R GAAAACCACACCCTCTTAATA 341 bp 
Exon 6 N91F CCCTTCATTCACTTCCTACTG N448R TAAGCTACAAACTTCAAAGAGCA 380 bp 
Exon 7 N58F TCTGTGCTAATAACTCTTTATCACC N410R CTGGCTGAAAAACTCATTTG 372 bp 
Exon 8 N37F TTCCCTCAAGGAATTTAAAC N364R CTGGAGTGCTATGAAATTATCT 349 bp 
Exon 9 N93F TTCTGCTTTCCCTTGAGATA N460R TATTTGGGTGACAGAATCAG 387 bp 
Exon 10 N66F TGTTTGGTATCCTTGACATT N347R AACATCCGAATTGTCATTATC 302 bp 
Exon 11 N1F AAGAGGGTTTTAGTCAACAA N409R GAGAGAAGGGAAAAAACTAA 428 bp 
Exon 12 N66F AGCTGCATTTTGGCATGTAA N401R GTTCCTTAAGAGGATTGGTTCA 357 bp 
Exon 13 N100F GTGGGATGTAAGAACCATAAA N401R CAACCACCATTCACAGAGT 320 bp 
Exon 14 N4F AAGGGCCAGAAGACTAAAA N454R AGTCCTGGTTAAGGACATTC 470 bp 
Exon 15 N2F AGCAAAGCACCTGGAGTTAG N657R ACAGGAAAGGGACTTCTGGTA 676 bp 
All 15 exons and flanking intronic sequences of B3GLCT (NM_194318.3), which is 
associated with an autosomal recessive disorder, were sequenced in patient 30544, who has 
a heterozygous deletion in this gene, in order to assess whether there could be a compound 
heterozygous situation. In detail, PCR was performed using 10 ng gDNA, Hot Start 
thermostable DNA polymerase (HOT FIREPol; Solis BioDyne, Tartu, Estonia), and primers 
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listed in Table 7. The amplicons were sequenced in both directions on an ABI PRISM 
3100/3730 Genetic Analyzer (Applied Biosystems, Zug, Switzerland) using PCR primers and 
the BigDye Terminator v1.1 cycle sequencing kit (Applied Biosystems, Zug, Switzerland). 
Statistical analyses 
For proportions, the upper and lower limits of the 95% confidence interval were calculated 
[Matyas et al. 2002]. 
2.2.1.3 Results 
Table 8. Deletions selected for confirmation. 
Patient Gene Effect Location Size of Deletion Current State Comment Clinical Significance 
420 FGFR2 Ex3-4 (in frame) 10q26.13 22.6 kb Characterized AD candidate gene Probable 
30544 B3GLCT Ex6 (frameshift) 13q12.3 10.7 kb Characterized --- Possible 
127 PCDHGA8, PCDHGB4, PCDHGB5 In all 3 genes Ex1 affected 5q31.3 10.2 kb Characterized --- Possible 
361 VWA3A Ex26 (frameshift) 16p12.2 1.1 kb Characterized --- Possible 
37 PCDHGA11 3’end of Ex1 5q31.3 4 kb Characterized Also in healthy mother Improbable 
303 MMP26, OR51L1 Complete genes 11p15.4 ~29-32 kb Confirmed --- Further analyses needed 
30576 ITGAE Ex23-26 (in frame) 17p13.2 ~3-6 kb Confirmed --- Further analyses needed 
100 NDUFA6 
Ex2-3 (contains stop 
codon) 
22q13.2 ~2-6 kb Confirmed --- Further analyses needed 
31778 MYO19 Ex4-5 (in frame) 17q12 ~1-7 kb Confirmed --- Further analyses needed 
110 CNTNAP2 Ex2-3 (frameshift) 7q35 ~350-380 kb Ongoing --- Further analyses needed 
350 COL6A5 5’UTR 3q22.1 ~2-22 kb Ongoing --- Further analyses needed 
Ex, exon; UTR, untranslated region; characterized, deletion breakpoints identified; confirmed, deletion specific fragment amplified by LR-PCR but 
breakpoints are outside the region covered by Sanger sequencing; ongoing, confirmation using LR-PCR is still ongoing; bold, already selected as 
potential AD candidate gene from study of literature (Appendix 3).  
Our aCGH analysis revealed 11 deletions detected only once in the cohort of 65 AD patients 
and in none of the 31 control samples, which affect potential AD candidate genes (Table 8). 
One of these deletions affects a gene (FGFR2) in our list of possible AD candidate genes 
(Appendix 3). This deletion truncating FGFR2 was confirmed in patient 420 using LR-PCR 
and Sanger sequencing (Figure 12). FGFR2, which encodes fibroblast growth factor receptor 
2, is associated with a broad spectrum of autosomal dominant phenotypes [Wilkie 2005]. 
This deletion at Chr10:123,312,993-123,335,592 (most telomeric position of four possible) 
has a length of 22,600 bp, includes complete exon 3 and exon 4 of FGFR2 (NM_00141.4), 
and leads to an in frame deletion of 115 amino acids (p.E37_R152delinsG). Four disease-
causing mutations have been described for this region in the Human Gene Mutation 
database (HGMD, https://portal.biobase-international.com/hgmd/pro/start.php), which are 
associated with Crouzon syndrome, craniosynostosis, and cleft lip and palate, respectively. 
Since FGFR2 activates ERK [Hadari et al. 2001], which is also activated by non-canonical 
TGF  signalling (1.1.3.1, Figure 7) and known to be involved in aneurysm development 
[Holm et al. 2011], this gene is in our list of candidate genes for AD (Appendix 3). Patient 420 
has an affected aorta and positive family history. Unfortunately, the deletion does not 
segregate with the phenotype within the family. This suggests that there must be a mutation 
in another gene and that this deletion has at most modifying effects. However, no promising 
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sequence variant has been detected in our AD candidate genes in patient 420 (Table 9). The 
suspected rather low impact of this gene on AD was confirmed by screening 24 additional 
patients with MLPA for deletions in this gene and analysis of our NGS data set including 129 
























Figure 12. Deletion affecting FGFR2. A: aCGH signal of patient 420 displayed in SignalMap (Roche Diagnostics, 
Risch, Switzerland). B: Sanger sequences spanning the breakpoints.  
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Insertion of 552 bp
 
Figure 13. Deletion affecting B3GLCT. A: aCGH signal of patient 30544 displayed in SignalMap (Roche 
Diagnostics, Risch, Switzerland). B: Sanger sequences spanning the breakpoints. 
Patient 30544 has a deletion in the gene B3GLCT which is associated with autosomal 
recessive Peters-Plus syndrome, a congenital disorder of glycosylation [Lesnik Oberstein et 
al. 2006]. This deletion of 10,710 bp at chr13:31,826,892-31,837,601 affects complete 
exon 6 of B3GLCT (Figure 13) and leads to a frameshift and premature stop codon. 
Consequently, degradation of the transcript by nonsense-mediated mRNA decay (NMD) 
leading to functional haploinsufficiency may be expected, but has not yet been confirmed. 
This rather complex SV contains an insertion of 552 bp, which consists of 129 bp of the 
deleted region, 17 bp in the correct orientation and 112 bp inverted, respectively, as well as 
423 bp of unknown origin, between the two breakpoints. The characteristic feature of patients 
with Peters-Plus syndrome is a specific malformation in the eye known as Peters’ anomaly. 
In addition, these patients present with short stature including short limbs and may have cleft 
lip/palate, hypertelorism, and defects in the central nervous system, heart, and various other 
organs. B3GLCT encodes beta-1,3-glucosyltransferase, which is responsible for a 
disaccharide modification specific to thrombospondin type I repeat domains and was 
demonstrated to be present in thrombospondin I, properdin, F-spondin, a disintegrin and 
metalloproteinase with thrombospondin motifs 13 (ADAMTS-13), and ADAMTS-like protein 1 
(ADAMTSL-1) [reviewed in Heinonen and Maki 2009]. Thrombospondin is involved in the 
activation of latent TGF  and the promoter of B3GLCT suggest activation in response to 
TGF  as it contains SMAD-binding sites (1.1.3.1, Figure 7) [Heinonen et al. 2003]. This 
A
B 
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suggests a role in regulation of TGF  signalling and consequently possibly also in AD 
development. In order to asses whether patient 30544 could have an additional mutation in 
B3GLCT leading to a compound heterozygous state, Sanger sequencing was performed for 
all 15 exons and flanking intronic regions in this patient, but no further mutation was 
detected. In our NGS data no homozygous possibly pathogenic sequence variants have 
been detected, suggesting no major role of this gene in our patient cohort (Table 10). 
However, further mutation screening for patient 30544 using our NGS panel revealed no 
promising sequence variant in our set of potential AD candidate genes indicating the 
involvement of novel AD genes and consequently the need for further research (Table 9). 
Two deletions affect the protocadherin-gamma gene cluster (PCDHG). This cluster 
involves 22 tandemly arranged genes, which have all unique exon 1 and share exons 2-4 
[Wu and Maniatis 1999]. A deletion of 10,243 bp in patient 127 encompasses parts of exon 1 
of PCDHGB4 and exon 1 of PCDHGB5 as well as complete exon 1 of PCDHGA8 leading to 
a fusion exon (Figure 14). Due to high homology of these two exons break and rejoining 
could have occurred at 402 different positions, of which Chr5:140,767,901-140,778,144 is 
the most telomeric location of the deletion. As the transcription of individual genes of this 
cluster is regulated by distinct promoters upstream of each variable exon [Wang et al. 2002], 
the fusion exon, which corresponds to the sequence of PCDHGB5, will be likely under the 
control of the promoter of PCDHGB4, which is, unlike PCDHGB5, not only expressed in brain 
but most frequently also in fibroblasts (www.gtexportal.org/home/gene/PCDHGB4) 
[Matsuyoshi and Imamura 1997]. Members of the cadherin superfamily, to which the 
protocadherins belong, mediate calcium-dependent cell adhesion and cell signalling as well 
as are involved in development and tissue morphogenesis [reviewed in Halbleib and Nelson 
2006]. As protocadherins expressed outside the brain are not well studied yet, a function in 
connective tissue development and thus a role in AD development cannot be excluded (cf. 
www.gtexportal.org/home/gene/PCDHG). However, a similar deletion has also been reported 
in a healthy Asian individual [Park et al. 2010]. Furthermore, patient 127 has a number of 
novel missense variants in our AD candidate genes, which are predicted to be disease 
causing and have to be followed up in more detail (Table 9), and no novel sequence variants 
have been detected in PCDHGB4 in our NGS data (Table 10). This all together suggests that 
this deletion has a rather low if any impact on the AD phenotype of patient 127. 
The second deletion in this cluster was detected in patient 37, comprises 4,041 bp 
(Chr5:140,801,272-140,805,312), and affects the 3’-end of exon 1 of PCDHGA11. As this 
deletion was also detected in the healthy mother of the index patient, clinical consequences 
of this deletion are improbable, but a modifier effect cannot be excluded (data not shown; cf. 
www.gtexportal.org/home/gene/PCDHGA11). This conclusion is supported by duplications in 
the deleted region reported in the Database of Genomic Variants (DGV, http://dgv.tcag.ca). 
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Figure 14. Deletion affecting the PCDHG gene cluster. A: aCGH signal of patient 127 displayed in SignalMap 
(Roche Diagnostics, Risch, Switzerland). B: Sanger sequences spanning the breakpoints and deleted region 
displayed in the UCSC Genome Browser (http://genome.ucsc.edu). 
Patient 361 has a deletion of 1,145 bp (Chr16:22,156,877-22,158,021, most telomeric 
position of 46 possible) including complete exon 26 of the gene VWA3A, which leads to 
frameshift and a premature stop codon (Figure 15). NMD leading to functional 
haploinsufficiency is expected but not yet confirmed. This gene encodes the protein von 
Willebrand factor A domain containing 3A with still unknown function. As the von Willebrand 
A domain is known to be involved in cell adhesion, ECM proteins, and integrin receptors 
[Whittaker and Hynes 2002], this gene is a potential candidate gene for AD. Neither in our 
NGS data in this gene nor in patient 361 in further AD candidate genes novel missense 
mutations at conserved nucleotide positions predicted to be disease causing have been 
detected, leaving the impact of this gene on AD still open (Table 9, Table 10). 
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Figure 15. Deletion affecting VWA3A. A: aCGH signal of patient 361 displayed in SignalMap (Roche Diagnostics, 
Risch, Switzerland). B: Sanger sequences spanning the breakpoints. 
In addition, promising deletions affecting genes encoding a metalloproteinase 
(MMP26), an integrin (ITGAE), a member of the mitochondrial respiratory chain (NDUFA6), 
and a myosin (MYO19) have been confirmed by LR-PCR, but the breakpoints were not 
covered using Sanger sequencing and PCR primers. Accordingly, these cases are perfect 
candidates for our developed procedure for breakpoint characterization [Okoniewski, 
Meienberg et al. 2013 (2.1.1)]. For two further deletions affecting genes encoding a cell 
adhesion molecule (CNTNAP2) and a collagen (COL6A5), which are potential AD candidate 
genes, confirmation is still ongoing as due to the size of the region of potential breakpoints 
the resulting fragments are too large for amplification by LR-PCR and additional analyses 
using internal primers or an different approach e.g. using mate-pair sequencing or WGS are 
needed (Table 8).  
2.2.1.4 Discussion 
Custom-designed and exome-focused aCGH was used to evaluate the role of middle sized 
and large deletions in our cohort of AD patients with unknown molecular basis. A first goal 
was to test the role of such deletions, which may be missed by standard genetic testing, in 
known AD genes. In our cohort of 65 patients no such deletion was detected leading to an 
expected frequency of 0/65 (0-5.6%, P=0.05). The second aim was to assess the role of our 
set of AD candidate genes, which was selected according to literature, meeting abstracts, 
and mouse models, as well as to detect novel candidate genes for AD. As deletions 
A
B
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comprising one or multiple exons can be considered as a priori pathogenic, genome-wide 
screening for such genetic aberrations is a useful approach for the identification of disease-
causing genes as previously demonstrated for other genetic disorders [reviewed in Shinawi 
and Cheung 2008]. Accordingly, we expect for all detected deletions, which affect the coding 
region of a gene, an effect on its function. However, the remaining question is the impact of 
reduced function of this gene on clinical phenotype. It may be that one functional copy of the 
gene is sufficient, either because dose does not matter or higher expression of the remaining 
allele may compensate for the truncated copy. We detected in 11/65 patients (9.7-25.8%, 
P=0.05) a deletion in genes, with a potential function in connective tissue, contractile 
apparatus or TGF  signalling, which might play a role in the pathogenesis of AD. Even 
though all these deletions overlap with larger known CNVs, which affect multiple genes and 
are reported in DGV, a pathogenic effect of these rather small deletions affecting in most of 
the cases only parts of the genes cannot be excluded. Accordingly, further analyses are 
needed for the assessment of the impact of these deletions and a potential role in the 
pathogenesis of AD for the affected genes. If not yet available, family members of the 
patients with the deletion or a promising sequence variant detected by NGS in this gene, 
have to be acquired to perform segregation analysis. Further options would be in vitro or 
even in vivo analyses.  
Since the interpretation of the impact of such smaller deletions affecting just a few 
genes or even only parts of genes is challenging and work intensive, aCGH for diagnostic 
purposes is mainly applied in children with malformations and/or intellectual disability, where 
large SVs with the involvement of multiple genes are expected [reviewed in Kang and Koo 
2012]. This is also the reason why in commercially available aCGH the resolution is only up 
to around 1 kb [Le Scouarnec and Gribble 2012]. Consequently, we used custom-designed 
arrays with a backbone of commercially available probes distributed across the whole 
genome and custom-designed probes to achieve higher resolution in exonic regions. This 
approach allowed us to detect also smaller deletions affecting only one or even only parts of 
an exon. We observed that the custom-designed probes are less stable than commercially 
available and are thus more prone to false positive calls (Figure 16A). Likewise, our design 
with both commercially available and custom-designed probes proved to be a useful 
approach as it combined the stability of the commercially available probes to reduce the 
number of false positives and the high resolution to detect also smaller deletions. However, 
also the source of DNA samples may influence the quality of aCGH results like in the case of 
DNA extracted from fibroblasts resulting in higher variance in exonic regions due to RNA 
contamination (Figure 16B), which can be solved by treating the DNA with RNase 
(Figure 16C). 










Figure 16. Effect of probe design and DNA source in aCGH. A: Chromosome X in a DNA sample extracted from 
EDTA-anticoagulated blood. B/C: Chromosome 15 in a DNA sample extracted from fibroblasts before (B) and 
after (C) RNase treatment. aCGH data are displayed using the software Nexus Copy Number 7 (Biodiscovery, 
Hawthorne, CA, USA) with red dots indicating commercially available backbone probes and green dots custom-
designed probes to enrich exonic regions. Note that green dots have a larger range of variation than red dots, 
indicating lower stability.  
Interestingly, all characterized deletions, except for the complex one in B3GLCT, 
contain stretches of 5-402 bp identical sequences at both ends of the deletions (Figure 12, 
Figure 13, Figure 14, and Figure 15), a phenomenon that has also been reported for other 
deletions [Giacalone and Francke 1992, Matyas et al. 2007, Meienberg et al. 2010 
(Appendix 1)]. These identical sequences may have favoured the development of the 
deletion by one of the common mechanisms responsible for CNVs in the human genome, 
such as non-allelic homologous recombination (NAHR), non-homologous end joining 
(NHEJ), and Fork Stalling and Template Switching (FoSTeS) [Gu et al. 2008]. 
We also detected a number of novel deletions in non-coding or intergenic regions as 
well as further deletions in genes with unknown functions. Since also such regions can have 
an influence on gene expression [Qu and Fang 2013] and there is also evidence that CNVs 
can have intra- and inter-chromosomal effects on other genes due to interactions between 
chromosomal regions [Henrichsen et al. 2009, Lupianez et al. 2015], these deletions could 
also have an effect on the phenotype of our patients and need to be analysed in further 
detail, especially the ones close to a known AD gene or a potential candidate gene for AD. 
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be a SNV or an INDEL in a not yet sequenced gene. Furthermore, copy neutral variants such 
as inversions or translocations, which could also disrupt genes and consequently affect their 
function, are not detectable by aCGH and can thus not be excluded in these patients. Since 
these by aCGH not analysed sequence variant types are covered by WGS, which allows not 
only the identification of SNVs and INDELs, but also the detection and characterization of all 
kind of SVs on base pair level [Royer-Bertrand and Rivolta 2015], WGS will be the method of 
choice for further research to elucidate the underlying genetic defect in our cohort with 
unsolved AD cases. 
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3 General Discussion  
3.1 Methodological Aspects 
During this thesis, different state-of-the-art approaches have been evaluated and applied in 
patients suspected to be affected by a hereditary form of AD. One of the aims was to identify 
the underlying genetic defect of AD cases with unknown aetiology, thereby extending the 
knowledge on the molecular basis of aortic diseases. 
For this aim, the first approach was the screening for large deletions using a custom-
designed aCGH with probes enriched for exonic regions. This served as a whole-exome 
MLPA assay, enabling the genome-wide detection of one-exon deletions (2.2.1). Screening 
for large deletions can be a useful approach to identify new AD candidate genes as deletions 
affecting one or multiple exons of one or several genes can a priori be expected to be 
pathogenic. The use of this approach was also demonstrated in an unrelated project, where 
we were able to solve the case of an 11-year-old boy with muscle hypotonia, ataxia, therapy-
resistant epilepsy, developmental delay, mental retardation, severe kyphoscoliosis, right 
ventricular hypertrophy, and gluten hypersensitivity. Postnatal karyotyping was negative but, 
thanks to the higher resolution of aCGH, we were able to identify a de novo deletion of 
~10 Mb affecting around 50 genes (Appendix 4). 
Furthermore, our aCGH data will be used to optimize the CNV calling algorithms for 
NGS. There are many commercial and freely available tools for the detection of CNVs in 
NGS data [reviewed in Xi et al. 2012]. However, these tools need thorough evaluation and 
most of them also optimization. Many of them are not so simple to use and have quite long 
running times. This is the reason why we developed our own approach analogous to the 
analysis of MLPA data. Like aCGH, this approach allows the detection of deletions and 
insertions as a stretch of multiple consecutive exons with relative read depth below and 
above a threshold, respectively [Meienberg, Zerjavic et al. 2015 (2.1.2)]. Using NGS data for 
the detection of CNVs would allow the detection of a broad spectrum of mutations in one 
assay. WGS is in this perspective much more powerful than WES or panel sequencing as it 
allows not only the detection of CNVs by changes in read depth, but also through 
consideration of insert size, split reads, and de novo assembly (Figure 11). Furthermore, 
read depth may be influenced by capture efficiency and PCR artefacts for GC-rich regions 
during library preparation, which is less an issue in PCR-free WGS. An additional advantage 
of WGS is the resolution of CNVs on base pair level, whereas in aCGH and targeted 
sequencing, including WES, additional methods for breakpoint characterization are needed 
[reviewed in Escaramis et al. 2015; cf. Okoniewski, Meienberg et al. 2013 (2.1.1)].  
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As the characterization of deletions using LR-PCR and Sanger sequencing may be 
laborious and time consuming, when internal primers are needed to cover the entire 
(LR-)PCR fragment, we evaluated the use of NGS to overcome this bottleneck [Okoniewski, 
Meienberg et al. 2013 (2.1.1)]. We were able to show that both second-generation 
sequencers with rather short reads and third-generation sequencers with long reads covering 
the complete (LR-)PCR fragment are useful for the characterization of large deletions. 
Likewise, for the characterization of deletions detected by our aCGH approach, where the 
breakpoints have not been detected (Table 8), such an NGS-based approach can be used.  
A further approach for solving AD cases with unknown aetiology is the screening for 
SNVs and INDELs using NGS. Accordingly, we designed a protocol for NGS evaluation 
(Figure 17) and assessed the performance of different WES enrichment platforms, also in 
comparison with WGS, providing new insights into the performance of these powerful 
technologies [Meienberg, Zerjavic et al. 2015 (2.1.2)].  
Patients with aortic aneurysms/dissection (AD) screened for mutations in the genes FBN1, 
TGFBR1, TGFBR2, COL3A1, ACTA2, MYH11, MYLK, FBN2, SMAD3, and SLC2A10
Disease-causing mutation detected 
Goal: Evaluation of exome sequencing
Number of patients: ~6-12
No disease-causing mutation detected 
Goal: Find mutation by exome sequencing
Number of patients: >50
In solution sequence capture with commercially available exome capture kit(s) (e.g. 
Agilent, Nimblegen, Illumina) and subsequent next generation sequencing (e.g. SOLiD, 
Illumina)
Raw data processing and removing of low quality reads and subsequently mapping of 
reads to reference genome (hg19)
Removing of bad quality reads (e.g. non-unique alignment, too large insert size or pair 
mapping on different chromosomes) as well as duplicate reads and filtering for reads 
overlapping with the target region of exome capture kit
Call single nucleotide variants using programs such as SAMtools or GATK as well as 
copy number variants using algorithms such as VarScan 2, edgeR, and ExomeCNV
Filter variants detected in patients with 
known disease-causing mutation (better than 
filtering entries in dbSNP and 1000 Genome 
Project, since these databases also contain 
disease-causing mutations) 
Evaluation whether known SNPs and mutations (detected by Sanger sequencing) are 
called correctly to assess accuracy of sequence data
Sequence variants occurring in addition 
to a disease-causing mutation can be 
assumed to be harmless (or modifier) 
and thus can be filtered out in screening
Looking for putative pathogenic mutations by focusing on genes known to be associated 
with hereditary aneurysm conditions in humans or in mouse models, such as FBN1, 
EFEMP2, ELN, COL1A1, COL1A2, COL3A1, COL4A1, COL4A5, LOX, PLOD1, PLOD3, 
TGFBR1, TGFBR2, ENG, ACVRL1, SLC2A10, NOTCH1, JAG1, GJA1, PKD1, PKD2,
SMAD3, ACTA2, FLNA, NF1, PTPN11, NPHP3, NOS3, TSC2, GAA, S100A12, MED12,
KLF15, and KLF2 [Lindsay & Dietz 2011], if not yet screened by Sanger sequencing
No putative disease-causing sequence variant 
detected look for other candidate genes 
mutated in several (related) AD patients with 
unknown disease-causing mutation (if 
possible perform linkage analysis as well)
Confirmation of promising sequence variants by Sanger sequencing
In silico analysis to predict the pathogenicity of detected putative disease-causing variants 
using missense mutation prediction programs (e.g. PolyPhen-2, MutPred, SIFT, 
MutationTaster, SNPs&GO, and MutationAssessor) and exonic splicing prediction 
programs (e.g. EX-SKIP and CRYP-SKIP) as well as exonic and intronic splicing prediction 
programs (e.g. SSF, HSF, GeneSplicer, and NNSplice)
Assess causality of detected mutations by in vitro analysis (if RNA available) and/or 
sequencing of family members (if available) to assess segregation with the disease 
phenotype
If promising mutations are detected in novel candidate gene(s), screen further patients 
(~100) by Sanger sequencing in order to detect further case(s) to confirm pathogenicity as 
well as negative controls to demonstrate the absence of mutation in this/these gene(s)
Assessing data quality by genome alignment statistics, such as number of mapped reads 
and coverage of target region
Mutation/Gene associated with AD detected by whole-exome sequencing
 
Figure 17. Overview of our study design for exome sequencing data evaluation and analysis (boxes with dotted lines 
represent evaluation steps). SAMtools, http://samtools.sourceforge.net [Li 2011]; GATK, Genome Analysis Toolkit 
(https://www.broadinstitute.org/gatk) [McKenna et al. 2010]; VarScan 2, http://varscan.sourceforge.net [Koboldt et al. 
2012]; edgeR, http://www.bioconductor.org/packages/release/bioc/html/edgeR.html [Robinson et al. 2010]; 
ExomeCNV, https://secure.genome.ucla.edu/index.php/ExomeCNV_User_Guide [Sathirapongsasuti et al. 2011]; 
dbSNP, http://www.ncbi.nlm.nih.gov/SNP; 1000 Genome Project, http://www.1000genomes.org; PolyPhen-2, 
http://genetics.bwh.harvard.edu/pph2 [Adzhubei et al. 2010]; MutPred, http://mutpred.mutdb.org [Li et al. 2009]; SIFT, 
Sorting Intolerant From Tolerant (http://sift.jcvi.org) [Kumar et al. 2009]; MutationTaster, http://www.mutationtaster.org 
[Schwarz et al. 2014]; SNPs&GO, http://snps-and-go.biocomp.unibo.it/snps-and-go [Calabrese et al. 2009]; 
MutationAssessor, http://mutationassessor.org [Reva et al. 2011]; EX-SKIP, http://ex-skip.img.cas.cz [Raponi et al. 
2011]; CRYP-SKIP, http://cryp-skip.img.cas.cz [Divina et al. 2009]; SSF, Splicing Sequences Finder 
(http://www.umd.be/searchSpliceSite.html); HSF, Human Splicing Finder (http://www.umd.be/HSF) [Desmet et al. 
2009]; GeneSplicer, https://ccb.jhu.edu/software/genesplicer [Pertea et al. 2001]; NNSplice, Splice Site Prediction by 
Neural Network (http://www.fruitfly.org/seq_tools/splice.html) [Reese et al. 1997]. 
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Evaluation of such enrichment platforms is important as their performance may be 
different to its specifications. On one hand, definitions of specifications like coverage of 
exome or probe design may differ between the platforms prohibiting the comparison of the 
kits. Furthermore, actual probe location and effectively achieved coverage may differ as the 
capture efficiency is dependent on different factors like GC content. Accordingly, methods 
including capture and/or PCR steps during library preparation achieve lower coverage for 
GC-rich regions compared to capture- and PCR-free WGS (Figure 18).  









Figure 18. Coverage achieved by different sequencing applications on an Illumina sequencing platform in a GC-
rich region (TGFBR1 exon 1). Coverage tracks (grey vertical bars) and a few reads (grey horizontal bars/arrows) 
are displayed by the Integrative Genomics Viewer (IGV, https://www.broadinstitute.org/igv). Coloured bars in 
coverage track, called mismatches; coloured bars in reads, mismatched bases, purple vertical dashes, insertions; 
black horizontal lines, deletions; coloured reads, mapping positions of paired reads does not match; Targeted 
Agilent, custom-designed gene panel (SureSelect, Agilent); WES Personalis, clinically focused exome (ACEv2, 
Personalis); WES Agilent, SureSelect Human All Exon kit v5+UTR (Agilent); WES NimbleGen, SeqCap EZ 
Exome (v3) +UTR (NimbleGen, Roche); WES Illumina, Nextera Rapid Capture Expanded Exome (Illumina); WGS 
+PCR, TruSeq Nano DNA Sample Preparation Kit (not PCR-free, Illumina); WGS –PCR, TruSeq PCR-Free 
Sample Preparation Kit (Illumina). 
However, not only the capture platform and library preparation influence NGS results 
but also the sequencing platform can have a high impact on data quality. Likewise, longer 
reads as well as paired-end sequencing improves the alignment in difficult regions. Like in 
traditional Sanger sequencing, NGS may have difficulties in homopolymeric or repetitive 
regions. This can be due to PCR steps during library preparation, but it also depends on the 
used sequencing method (1.2.2) [reviewed in Nguyen and Burnett 2014]. Likewise, 
miscalling in such regions is much more pronounced upon PCR-based target enrichment like 
the MASTR kits of Multiplicom compared to hybridization based enrichment like the Agilent 
SureSelect panel and the evaluated WES platforms (Figure 19). Concerning platform 
performance, the IonTorrent sequencing platform, where the numbers of identical 
nucleotides incorporated at once are estimated from signal intensities, has a much higher 
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error rate of INDEL calls than Illumina, where each incorporated nucleotide gives one signal, 
whereas the outdated SOLiD sequencing platform suffers from uneven coverage (Figure 20).  










Figure 19. Reads produced for a region including a homopolymer of 20 bases (A) using different sequencing 
applications on an Illumina sequencing platform. Coverage tracks (grey vertical bars) and a few reads (grey 
horizontal bars/arrows) are displayed by the Integrative Genomics Viewer (IGV, cf. Figure 18). Targeted 
Multiplicom, MARFAN MASTR multiplex PCR kit (Multiplicom); Targeted Agilent, custom-designed gene panel 
(SureSelect, Agilent); WES Personalis, clinically focused exome (ACEv2, Personalis); WES Agilent, SureSelect 
Human All Exon kit v5+UTR (Agilent); WES NimbleGen, SeqCap EZ Exome (v3) +UTR (NimbleGen, Roche); 
WES Illumina, Nextera Rapid Capture Expanded Exome (Illumina); WGS +PCR, TruSeq Nano DNA Sample 
Preparation Kit (not PCR-free, Illumina); WGS –PCR, TruSeq PCR-Free Sample Preparation Kit (Illumina). 
Further difficulties in NGS are genomic regions with high sequence homology as 
reads may have perfect matches at multiple positions in the genome. This is mainly an issue 
of short read length and is more pronounced in single-end compared to paired-end 
sequencing. Current sequence aligners have different strategies to deal with this issue such 
as discarding these reads, aligning just randomly to one of these positions or reporting 
multiple locations. Most of the gaps in WGS are due to this alignment difficulty [Treangen 
and Salzberg 2011]. One possibility to overcome this issue is to complement the short reads 
of the high throughput second-generation sequencing platforms with long reads generated 
with a different method like e.g. the third-generation sequencer PacBio, which achieves a 
read length of several kb [Chaisson et al. 2015]. In addition, aligners have to be optimized for 
such regions. There might be an option to create special alignment and variant calling 
settings for these regions, which allow reads to be mapped to multiple locations. It is of 
importance that such reads will be marked as reads with multiple alignments and will also be 
treated differently in variant calling as changed/reduced allele fractions have to be expected. 
This is mainly important when clinically relevant genes are affected, like in the case of TNXB, 
which is associated with Ehlers-Danlos syndrome hypermobility type (EDS III) [Zweers et al. 
2003]. 





FBN1 exon 34Homopolymer of 20 A  
Figure 20. Reads produced for a region including a homopolymer of 20 bases (A) by WES using different 
sequencing platforms. Coverage tracks (grey vertical bars) and a few reads (grey horizontal bars/arrows) are 
displayed by the Integrative Genomics Viewer (IGV, cf. Figure 18). Illumina, SureSelect Human All Exon Kit 
v4+UTR (Agilent); SOLiD, SureSelect Human All Exon Kit v3 (Agilent); IonTorrent, IonAmpliSeq Exome Kit (Life 
Technologies, provided by Life Technologies in October 2013). 
A wide range of different alignment and variant calling tools using different algorithms 
are available for the analysis of NGS data as freely or commercially available software 
solutions, resulting in slightly different alignments and variant calls. Each of it has its strength 
and limitations and none of it is perfect, making it a difficult task to determine the best 
analysis pipeline for a particular application. This issue was recognised by the Genome in a 
Bottle Consortium (http://genomeinabottle.org), which provides reference material as well as 
a Genome Comparison and Analytic Testing platform (GCAT, http://www.bioplanet.com/gcat) 
that allows to compare different alignment and variant calling pipelines [Zook et al. 2014, 
Highnam et al. 2015].  
Once the alignment and variant calling is done, the next challenge is data 
interpretation, especially for WES and WGS. Likewise, many different tools are available for 
annotation, filtering, and prioritising detected/called sequence variants using different criteria 
like listing in mutation databases, phenotypic features of the patient, frequency of sequence 
variant in normal population, evolutionary conservation, and results of in silico prediction 
programs [Dolled-Filhart 2013]. One limitation of these software solutions is that they are 
only as accurate as the underlying databases/knowledge where the information is taken 
from. In addition to human databases, an additional approach would be to look at phenotypic 
databases with animal studies to detect in this way mutations in a relevant gene not yet 
associated with the human phenotype like used in the software exomiser [Robinson et al. 
2014]. 
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Further issues of WES and WGS are so called incidental findings. This means the 
detection of mutations associated with diseases (apparently) unrelated to the primary 
diagnostic question. These can be late-onset diseases like TAAD or Huntington disease, 
where symptoms develop with higher age, or predisposition to certain types of cancer, e.g. 
mutations in BRCA1 and BRCA2 genes which lead to an increased risk for breast and 
ovarian cancer. The American College of Medical Genetics and Genomics (ACMG, 
https://www.acmg.net) released recommendations how to deal with such sequence variants 
and published a list of genes associated with actionable phenotypes, i.e. where 
presymptomatic knowledge of the disease can prevent fatal outcome [Green et al. 2013]. As 
they recommend that patients have to agree to the reporting of incidental findings to receive 
genome-wide genetic analysis as well as that the geneticists should actively look for 
mutations in the recommended genes and to report them, these guidelines are rather 
controversial [Allyse and Michie 2013]. 
An alternative approach to WES are focused exomes like the ACE clinical exome 
enrichment platform (Personalis), which includes probes for ~7600 clinically relevant genes 
or gene panels like our custom-designed set of AD genes (2.2.1.2, Appendix 3). Advantages 
of these approaches are reduced data amount, less challenging interpretation with lower 
numbers of sequence variants with unknown significance, and in the case of panels also a 
lower risk for incidental findings and higher coverage. Furthermore, there is more space for 
probe design optimization allowing better coverage of targeted regions, especially also in 
difficult regions like such with high GC content (Figure 18). The down side of these 
approaches is the restriction to a certain set of genes, especially in the case of gene panels. 
In disorders with a high genetic and phenotypic heterogeneity and a considerable number of 
yet unknown genes expected to be involved, frequent updates of gene panels are required 
when mutations in additional genes are associated with the phenotype and a substantial 
number of mutation negative patients has to be expected and hence re-sequenced. 
In disorders associated with large genes and no mutation hotspot like it is the case for 
many of the connective tissue genes associated with a syndromic form of AD, sequencing of 
all exons and flanking intronic sequences using Sanger sequencing is laborious and time-
consuming, especially in diagnostic labs not equipped for high throughput. In such cases 
enrichment kits for NGS of just one gene or a small number of genes associated with one 
particular disease may reduce the workload and enhance the sample throughput. Such a kit 
is offered for the FBN1 gene, mutations in which cause MFS (Figure 6, Table 2), by 
Multiplicom and allows the amplification of all 65 exons in four multiplex PCRs. Such kits 
allow sequence analysis similar to Sanger sequencing. However, despite high coverage and 
thus higher confidence, PCR- and NGS-related issues like homopolymers remain and may 
lead to false positive variant calls (Figure 19).  
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3.2 Diagnostics and Treatment Possibilities for Aortic Diseases 
Knowledge of the molecular basis of AD allows the molecular testing of family members 
which are asymptomatic or have unspecific symptoms, i.e. do not fulfil the diagnostic criteria. 
It is not only a huge relief for the concerning person to know what to face, but it will also help 
to reduce health costs as only affected family members need regular cardiovascular control 
examinations. A further aspect is that the molecular basis gives some information on the 
progression of disease and associated risks. Likewise, in EDS IV dissections and ruptures 
are not limited to the aorta, but can also occur in large and middle-sized arteries and are not 
always associated with aneurysms. Thus, in this case regular control is not able to prevent all 
emergency situations by timely recognition and adaptation of life style is even more 
important. In LDS, progression of aortic diameters can be faster than in MFS and the aorta 
can rupture on a smaller diameter. The knowledge of the aetiology of the disease is also 
important to get access to targeted therapies, which are only available for specific 
syndromes, like in the cases of losartan, which is so far only available for MFS patients 
[Attenhofer Jost et al. 2014]. Similarly, for EDS IV a recent clinical trial has demonstrated the 
use of the -blocker celiprolol [Ong et al. 2010].  
TGF  signalling and MFS is also a good example how better insights into the 
signalling pathways involved in pathogenesis may lead to the development of a targeted 
therapy and the identification of novel genes associated with a related phenotype (1.1.3.1, 
1.1.4). The knowledge on the involvement of TGF  signalling in MFS led to the development 
of promising therapeutic strategies targeting this pathway like the use of the ARB losartan. 
However, not all MFS patients respond to losartan, which could be due to the nature of the 
mutation itself or due to modifying genetic factors. Likewise, a recent study showed that 
losartan has lower effect on blood pressure reduction but higher efficiency to reduce the 
growth rate of aortic diameter in patients with a FBN1 mutation leading to haploinsufficiency 
compared to such with a mutation leading to a dominant negative effect [Franken et al. 
2015]. Consequently, knowledge of the disease-causing sequence variant will help to stratify, 
which MFS patients should be on a losartan treatment that can also have an impact on life 
quality due to its side effects and which patients will benefit more from an alternative or 
combined therapy with -blockers. Furthermore, the involvement of TGF  signalling in the 
pathogenesis of MFS also led to the finding that mutations in genes encoding players of the 
TGF  signalling pathway like the ligands (TGFB2 and TGFB3), the receptors (TGFBR1 and 
TGFBR2), and some mediators of the canonical signalling (SMAD3) are associated with 
LDS, which shows high phenotypic overlap with MFS (1.1.3.1, Figure 6, Figure 7). 
Surprisingly, mutations in these active players of TGF  signalling are associated with 
enhanced TGF  signalling rather than reduced as intuitively expected. The reason for this 
paradox is still a matter of research. It is hypothesized that this increased signalling comes 
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from a shift in relative amount of ligands with increased availability and signalling through 
TGF 1, as in TGFB1, the gene encoding this ligand, so far no mutation has been associated 
with an MFS/LDS-related phenotype. Another possible explanation might be a shift in the 
signalling through the two different TGF  signalling pathways (canonical and non-canonical). 
However, this is rather unlikely as it was shown that signalling trough both pathways may be 
increased in MFS [Gallo et al. 2014].  
Knowledge of the molecular basis of a disease is also the first step to find a targeted 
therapy. Likewise, we described the first case of true haploinsufficiency for COL3A1 leading 
to an atypical form of EDS IV with incomplete penetrance for AD [Meienberg et al. 2010 
(Appendix 1)], for which we started a study to find targeted therapy (Figure 21, Appendix 5). 
Briefly, we will use a recently described mouse model with true haploinsufficiency for Col3a1 
due to a spontaneous deletion, which leads to reduced mechanical stability of the aorta and 
in ~28% of heterozygous mice to spontaneous rupture of the aorta and thus to increased 
mortality similar to the phenotype in human patients [Smith et al. 2011]. This mouse model 
will be treated with different candidate substances with the goal to increase the mechanical 
stability of the aorta and thereby reduce mortality. The mechanical stability of the aorta will 
be tested using the approach defined in our pilot experiments, where we were able to show 
that thoracic aortas from heterozygous mice rupture at a significantly lower force than the 
ones of wild-type mice and that in both genotypes the maximal force at rupture decreases 
with increasing distance from the heart (Appendix 6).  
Breeding
Pilot Experiment
Aim: Find optimal protocol for treatment and 
assessment of the mechanical stability of the aorta
Number of mice: 5 x 2 groups with 10 mice = 100 mice
Duration: up to 3 months
Experiment Part 1
Aim: Select most promising substances for 
increasing aortic stability
Number of mice: 10 x 3 groups with 20 mice = 600 mice
Duration: up to 3 months
Experiment Part 2a
Aim: Test the efficiency of different doses of the 
most promising substances
Number of mice: 3 x 5 groups with 20 mice = 300 mice
Duration: up to 3 months
Experiment Part 2b
Aim: Assess efficiency of the most promising 
substances over longer period of time
Number of mice: 3 x 3 groups with 20 mice = 180 mice
Duration: Up to 1 year
Breeding
Pilot Experiment
Aim: Find optimal protocol for treatment and 
assessment of the mechanical stability of the aorta
Number of mice: 5 x 2 groups with 10 mice = 100 mice
Duration: up to 21 months
Experiment Part 2c
Aim: Test efficiency of the most promising 
substances in other genetic background
Number of mice: 3 x 3 groups with 20 mice = 180 mice





3 Most Promising Substances of Experiment Part 1
10 Candidate Substances for Treatment
 
Figure 21. Overview of the planned mouse experiments. Green colour indicates completed parts. 
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A recent study showed that TGF  signalling is not only elevated in MFS and related 
syndromes caused by mutations in genes involved in this pathway but also in EDS IV due to 
inflammation [Morissette et al. 2014]. Thus one of the tested substances will be the ARB 
losartan, which has not only the capability to reduce blood pressure but also to reduce TGF  
signalling and has been shown to ameliorate or even reverse the aortic phenotype in a 
mouse model of MFS [Habashi et al. 2006]. However, losartan is not only for its potential 
beneficial effect an essential substance to be tested in our mouse model but also due to 
potential adverse effects. Since increased TGF  signalling also upregulates the expression 
of collagen, one could speculate that in EDS IV losartan could also have a negative effect 
worsening the aortic phenotype by decreasing the expression and thus the amount of 
collagen in the aortic tissue (1.1.3.1, Figure 7). The knowledge of such adverse effects would 
be crucial to avoid any harm in human patients as EDS IV patients could also clinically be 
misdiagnosed with MFS which are increasingly treated with losartan. Such results would 
show once more the importance of genetic testing prior to treatment.  
A second approach will be to increase the amount of collagen by reducing its 
degradation by MMPs. Accordingly, we will inhibit MMP activity by applying doxycycline, for 
which a beneficial effect on the aortic phenotype has already been demonstrated in a mouse 
model of MFS and the first mouse model of EDS IV (1.1.4) [Xiong et al. 2008, Briest et al. 
2011, Tae et al. 2012]. Thereby, it will be of interest to see whether the published results 
from a different mouse model for EDS IV can be confirmed with the mouse model used in our 
study despite different gene defect, genetic background, and approach to measure the 
mechanical stability of the aorta. 
A third drug to be tested will be the -blocker celiprolol. Recently, a clinical trial with 
this antihypertensive drug has been completed, demonstrating that in patients with EDS IV it 
leads to a prevention or delay of dissections and ruptures of the aorta. However, it was not 
examined whether or not this substance has an effect on the mechanical stability or the 
structure of the aortic wall [Ong et al. 2010]. 
However, when analysing the results of this study, it has to be kept in mind that mice 
are not small humans [Seok et al. 2013]. Interestingly, mice can produce vitamin C, whereas 
humans like some other higher mammals lost this capability [Chatterjee 1973]. Vitamin C is a 
cofactor of lysyl and prolyl hydroxylases and hence plays an important role in collagen 
synthesis [Szarka and Lorincz 2013]. The resulting difference in the availability of vitamin C 
between mice and human could consequently have an influence on collagen synthesis and 
hence also on the effect of tested drugs. A further aspect to consider is that mice studies are 
conducted in inbred strains. These inbred strains differ from each other at different 
polymorphic positions. Such SNPs could have a modifying effect on the studied phenotype or 
the effect of the tested substances [e.g. Sims et al. 2013]. We accounted for this by 
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backcrossing our mouse model which had a mixed background into the two corresponding 
inbred strains. In addition, we will also confirm the findings with the second available mouse 
model for EDS IV. If we see differences between the strains the big question will be, SNPs in 
which genes contribute to this difference. This knowledge will help to learn more about the 
disease mechanisms and modifying factors as well as may also be transmitted to humans. 
Alternative therapeutic approaches based on the knowledge of the underlying disease 
or type of mutation may be gene therapies such as manipulating/adding long non-coding 
RNAs (lncRNAs). Such RNAs have recently been described and play an important role in the 
regulation of cell differentiation and in cardiovascular diseases [Uchida and Dimmeler 2015]. 
Another possibility would be to directly correct splicing defects or to suppress NMD in 
patients with mutations leading to functional haploinsufficiency by gene therapy [Bidou et al. 
2012, Arechavala-Gomeza et al. 2014]. Recently, promising novel tools for RNA-guided site-
specific induction of double-stranded breaks in target DNA, termed clustered regularly 
interspaced short palindromic repeats (CRISPR)/CRISPR-associated (Cas) systems, have 
been reported. These CRISPR/Cas systems enable facile, robust, and multiplexable 
systematic reverse engineering of causal genetic variants, a prerequisite for the development 
of targeted gene therapies [Jinek et al. 2012, Cong et al. 2013, Mali et al. 2013].  
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3.3 Outlook 
It is still a long way to go to solve the bioinformatics limitations in the analysis and 
interpretation of NGS data. Moreover, the understanding of the genome is still incomplete 
and many open questions remain. Likewise, of the ~23,000 known protein-coding genes only 
~15,000 are listed in the database Online Mendelian Inheritance in Men (OMIM, 
http://www.omim.org/statistics/entry, updated June 16, 2015) and even less are included in 
clinical exome sequencing kits (~7600 genes in ACEv2, 2.2.1.2), indicating the high number 
of genes with still unknown function. In addition, most of the mutations so far classified as 
disease-causing are located in the coding region or at conserved splice sites. With projects 
like ENCODE (ENCyclopedia Of DNA Elements) [ENCODE Project Consortium 2012] and 
the increased use of WGS, the knowledge on the non-coding regions is expected to increase 
and also mutations in this part of the genome will become better interpretable. Accordingly, a 
recently published study demonstrated the functional impact of genome architecture and the 
pathogenicity of SVs in non-coding regions disrupting boundaries of regulatory units of the 
human genome [Lupianez et al. 2015]. 
Despite these limitations is the revolution in molecular genetics with the implementation of 
NGS already ongoing and will change the general procedure in gene diagnostics. With the 
increased use of WES and WGS more cases with two or more weaker mutations leading to 
the phenotype will be detected. Likewise, the knowledge on modifying sequence variants will 
increase. With the novel sequencing technologies more cases with AD should get diagnosed 
and the time until diagnosis, which at the moment could be up to several years, should 
decrease. This will allow a more individualized follow-up and treatment of the patients. By 
identifying new genes associated with AD, the knowledge on pathogenesis and involved 
pathways will increase opening the way to the development of more targeted therapies. 
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Appendix 1 Publication: Hemizygous Deletion of COL3A1, COL5A2, 
and MSTN Causes a Complex Phenotype with Aortic 
Dissection: a Lesson for and from True Haploinsuffici-
ency 
Meienberg J, Rohrbach M, Neuenschwander S, Spanaus K, Giunta C, Alonso S, Arnold E, 
Henggeler C, Regenass S, Patrignani A, Azzarello-Burri S, Steiner B, Nygren AOH, Carrel T, 
Steinmann B, Matyas G (2010) Hemizygous deletion of COL3A1, COL5A2, and MSTN 
causes a complex phenotype with aortic dissection: a lesson for and from true 
haploinsufficiency. Eur J Hum Genet 18:1315-1321. 
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Appendix 3 Selected Candidate Genes for AD 
These 226 AD candidate genes were selected according to literature, meeting abstracts, and 
mouse models. These genes were in more detail analysed in aCGH and were included in our 
AD candidate gene panel for NGS (status June 2014). 
ABCC6, ACTA2, ACVRL1, ADAM10, ADAM12, ADAM15, ADAM17, ADAMTS10, 
ADAMTS17, ADAMTS2, ADAMTSL2, ADAMTSL4, AGTR2, AKT2, ANXA2, APC, APOE, 
ATP7A, B3GAT1, BGN, BHMT, BHMT2, BMP1, BMP10, BMP15, BMP2, BMP3, BMP4, 
BMP5, BMP6, BMP7, BMP8A, BMP8B, BRAF, CAPN2, CBS, CCM2, CDC25A, CDKN2A, 
CDKN2B, CFC1, CHD7, CHST14, CIB3, COL11A1, COL11A2, COL16A1, COL18A1, 
COL1A1, COL1A2, COL2A1, COL3A1, COL4A1, COL4A2, COL4A5, COL5A1, COL5A2, 
COL9A1, COL9A2, COL9A3, CSRP2, CTGF, CYBB, DCHS1, DCN, DSE, EBP, EFEMP1, 
EFEMP2, EFNB1, ELN, EMILIN1, ENG, ETS1, FBLN1, FBLN5, FBN1, FBN2, FGF10, FGF8, 
FGFR2, FKBP14, FLCN, FLNA, FMOD, FN1, GAA, GATA6, GDF1, GDF11, GDF2, GDF5, 
GDF6, GDF7, GJA1, GLA, GPR4, HAPLN1, HAS1, HMGA2, HRAS, HSPB1, HSPG2, IL1B, 
IL7, ITGA1, ITGAV, ITGB1, ITGB3, JAG1, JAG2, KCNJ2, KLF15, KLF2, KLK1, KRAS, 
KRIT1, LEFTY2, LEMD3, LEPRE1, LEPREL1, LOX, LOXL1, LRP1, LRRC7, LTBP2, LTBP3, 
LTBP4, LUM, MAGI2, MAP2K1, MAP2K2, MAPK1, MAPK3, MED12, MFAP1, MGP, MLL2, 
MMP1, MMP10, MMP12, MMP14, MMP2, MMP3, MMP8, MMP9, MYH11, MYLK, NCF1, 
NF1, NKX2-5, NKX2-6, NMRK2, NOS1, NOS3, NOTCH1, NOTCH2, NOX1, NPHP3, NR3C1, 
NRAS, PCOLCE, PDCD10, PIK3C3, PKD1, PKD2, PLAU, PLOD1, PLOD2, PLOD3, PPIB, 
PRKG1, PTGS1, PTGS2, PTPN11, RAF1, RAG1, RAG2, RAI1, RCN2, REN, RTN1, RTN4, 
S100A12, SERPINE1, SHOC2, SKI, SLC2A10, SLC39A13, SLC7A1, SMAD1, SMAD2, 
SMAD3, SMAD4, SMAD5, SMAD6, SMAD7, SMAD9, SOS1, SOX4, SPOCK2, TAGLN, TAZ, 
TBRG1, TBX1, TGFB1, TGFB2, TGFB3, TGFBR1, TGFBR2, TGFBR3, TGM2, THBS1, 
THBS2, THSD4, TIMP1, TIMP2, TIMP3, TIMP4, TNXB, TRBV4-1, TRBV4-2, TRBV4-3, 
TSC2, VCAM1, VCAN 
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Appendix 4 Additional aCGH Project 
Dominik’s Main Clinical Symptoms
- Muscle hypotonia, ataxia




- Right ventricular hypertrophy 
- Gluten hypersensitivity
Rare Disease Case − Dominik (11-year-old boy)
Dominik has needed an immediate surgical intervention of his severe kyphoscoliosis
(KISPI and Schulthess Klinik Zurich) Stiftung für Menschen mit seltenen Krankheiten | 22.5.13
 
Dominik’s Medical History
He was born with a relatively big umbilical hernia corrected with surgery on day 2.
6. month - severe hypotonia and scoliosis developed, he was put in a brace
12. month - DSGM therapy to treat hypotonia leading to an effective recovery
21. month - he could stand up 
29. month - he could walk alone safely
31. month - EEG: normal background activities for his age, 
paroxysmal signals could not be detected, epilepsy could be excluded
38. month - end of DSGM therapy
49. month - epileptic seizures (myoclonus) developed, 
EEG: severe cortical functional disturbances, multifocal diffuse interictal
paroxysmal activities
49.-61. months - trying various antiepileptic drugs without any success, his walk became 
less secure, more frequent seizures and absence periods, therapy resistant 
reflex epilepsy developed, stereotype behaviors started when playing with toys
61.-64. months - ketogenic diet, he became very weak with autistic signs and lost mobility, 
soon after his diet was stopped he regained some of his former physical skills
64.-68. months - all available biochemical and genetic testing were done, all negative 
76.-84. months - antiepileptic drugs were gradually stopped, introduced various herbal 
extracts and intensive physiotherapies, reflex epilepsy could be controlled 
and he regained his motility skills
9. year - gluten hypersensitivity, gluten-free diet, dietary supplements, natural antiepileptics
11. year (March, 2013) – genetic testing revealed the deletion of ~50 genes of chr. 4
(performed by the Stiftung für Menschen mit seltenen Krankheiten)
Stiftung für Menschen mit seltenen Krankheiten | 22.5.13
 





Deletion of 10’172’206 bases
Dominik needs help for the identification which of the ~50 deleted genes is/are responsible 
for his main symptoms, requiring further genetic analyses and targeted clinical investigations
Stiftung für Menschen mit seltenen Krankheiten | 22.5.13
 
Dominik’s main clinical symptoms
- Muscle hypotonia, ataxia




- Right ventricular hypertrophy 
- Gluten hypersensitivity
Disease cause
Non-inherited (de novo) 10-Mb deletion of the long arm of chromosome 4 affecting ~50 
genes (March, 2013, identified by the Stiftung für Menschen mit seltenen Krankheiten)
Next step
To develop a targeted therapy based on the molecular basis of his clinical symptoms, 
replacing/extending his recent therapies (gluten-free diet, alternative antiepileptic 
treatments, and the so-called DSGM therapy [complex motion rehabilitation process])
Rare Disease Case − Dominik (11-year-old boy)
Stiftung für Menschen mit seltenen Krankheiten | 22.5.13
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Appendix 5 Application to Perform Animal Experiments 
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Planned and written by Janine Meienberg and Gabor Matyas 
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Appendix 6 Poster: Assessment of the Mechanical Stability of 
the Aorta in a Col3a1 Mouse Model 
Muenger J, Meienberg J, Crabb J, Mauri A, Gysi S, Kaiser C, Barmettler G, de Vos J, 
Bhattacharya I, Courseau J, Giunta C, Bakker EN, Battegay EJ, Jaeger R, van Bavel E, 
Haas E, Ziegler U, Kopf M, Zeisberger S, Mazza E, Matyas G (2015) Assessment of the 
mechanical stability of the aorta in a Col3a1 mouse model. 14th Day of Clinical Research 
(DCR), Zurich, April 9, 2015. 
Appendix  Meienberg (2015): Molecular Basis of Aortic Diseases 
78 
 
Meienberg (2015): Molecular Basis of Aortic Diseases Appendix 
79 
Contribution of Authors 
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Jessica Crabb Stretching experiments and multiphoton microscopy, writing and 
editing of the poster 
Arabella Mauri Stretching experiments and multiphoton microscopy, editing of 
the poster 
Carmen Kaiser Electron microscopy, editing of the poster 
Gery Barmettler Electron microscopy, editing of the poster 
Cecilia Giunta Contribution to data analysis and editing of the poster 
Urs Ziegler Electron microscopy, editing of the poster 
Steffen Zeisberger Conceiving and planning the study, editing of the poster 
Edoardo Mazza Conceiving and planning the study, editing of the poster 
Gabor Matyas Initiation of the study, conceiving and planning the study, writing 
and editing of the poster 
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